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The past four years of scientific exploration is similar to my first ascent of the alpine 
peaks. The journey was filled with memories of disappointment and periods where I 
was tempted beyond measure to give up. The promised view at the summit did not 
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over and the view at the summit only reveals grander peaks that could be ascended. 
The PhD is not an end but a means; to gain a perspective I would never have if I had 
not completed the climb. In the end, I have now a greater molecular appreciation of 
the intricacies and complexity of this world. This creation is indeed one that is 
designed and coded to magnify the beauty and glory of God.  
 
 e is the image of the invisible God, the firstborn of all creation. For by him all 
things were created, in heaven and on earth, visible and invisible, whether thrones or 
dominions or rulers or authorities—all things were created through him and for him. 
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Molecular design is an attractive “bottom-up” approach for the fabrication of 
nanotechnology as it is possible to encode non-covalent interactions in the 
constituents to dictate the self-assembly of complex and functional nanomaterials. 
Self-assembling peptide amphiphiles have been developed in the last decade as a 
designer material for a vast array of applications including regenerative medicine and 
drug delivery. The design template behind these unique molecules can be 
categorized into four distinct sections; a hydrophobic alkyl chain, a β-sheet forming 
region, a trigger sequence and a surface region. Many studies have shown the 
intricate relationship between the peptide sequence and the resulting structural and 
functional features of the self-assembled nanostructures. Here, several approaches 
towards designing the surface region have been employed to control the structure 
and function of the resulting nanofibres.  
In this thesis, we examine the use of two approaches and their resulting functional 
and structural nanofeatures. The first approach involved mimicking naturally 
occurring biological peptides. Functionally, bioactive peptides could be inserted to 
produce nanofibers exhibiting mimetic sequences of extra-cellular proteins. This 
created a permissive environment to promote neurite outgrowth and proved to be a 
useful way to decorate tissue engineering scaffold with desired bioactive signals. 
Beyond mimicking biological functions, spider inspired sequences from spider fibroin 
were incorporated in the surface region of the peptide amphiphiles to create stronger 
individual nanofibers and greater inter-fiber crosslinks. The enhanced interactions 
produced a self-assembled hydrogel with stronger mechanical properties. The 






favourable inter-fiber interactions, complementary ionic sequences were designed to 
promote lateral assembly of nanofibers. This resulted in the creation of hierarchical 
organization of thicker nanofibrous aggregates. Structurally, the geometries of the 
peptide amphiphile nanofibres could be controlled by pH and sequence length. 
Finally, a similar ionic sequence was systematically design to demonstrate 
functionality in the complexation of a hydrophobic anticancer drug, Ellipticine. In 
conclusion, the design strategies developed here are great additions to the library of 
principles for a bottom-up approach, via bioinspired sequences or rationally-designed 
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A short discussion on self-assembling peptide amphiphiles, the hypothesis, research 
objectives and relevance of the research presented in this PhD thesis.    
  






Material science and engineering has turned its focus in recent decades to nanotechnology due 
to the advances in bio-inspired building blocks such as peptides, phospholipids and DNA. 
Synthetic polymers studied and used extensively by material scientists and engineers are 
broadly classified into two categories based on the interaction between their constituents; via 
covalent bonds or noncovalent linkages. The latter type of polymers is known as 
supramolecular polymer (Aida et al., 2012). Nanomaterials of such nature are commonly seen 
in living systems where molecular manipulation occurs dynamically for vital cellular 
functions. One example is the cellular skeleton formed by homogenous and smaller 
constituents known as tubulin. The tubular structure constantly lengthens and depolymerises 
as adaptive behaviour to the environment and consequently control and direct both cellular 
movements and shape. The self-assembling characteristic of supramolecular polymers in 
nature is one fascinating strategy that could revolutionalise the fabrication of synthetic 
nanomaterials. 
 
In the past decade, supramolecular research has emphasised on the development of short 
peptides capable of self-assembling into a variety of nanostructures. In particular, alkylated 
oligopeptides called peptide amphiphile (PA) have shown tremendous potential in 
bioapplications and semi-conductor fabrication. The design template of PA is elegant and 
simple. Studies have elucidated the relationship between the peptide sequence, alkyl chain 
length and the eventual function of the nanostructures. Given its modular nature, designers 
could isolate alterations to a particular segment of the PA code and dictate changes to be 
manifested in the final assembled product.  
  
 CHAPTER ONE | Introduction 
3 
1.2 Hypothesis 
The surface region of the modular PA design is the segment exposed and displayed on the 
surface of nanostructures. Alterations to the surface region of PA design could introduce 
structural and functional features in the self-assembled nanostructures.  
1.3 Research objectives 
 
1.3.1 Objective one: Using bioinspired sequences to introduce biofunctional 
features to PA nanofibre with conformational-dependent collagen-
mimetic and laminin-mimetic motifs  
1.3.2 Objective two: Using silk-inspired sequence to introduce structural 
features to PA nanofibres by improving both inter- and intrafibre 
bonding through tweaking of secondary structures 
1.3.3 Objective three: Synthetically design sequences to introduce structural 
features by promoting lateral assembly of PA nanofibres via interactions 
between complementary ionic sequences 
1.3.4 Objective four: Programming charged sequences to introduce drug 
complexation functionality to PA nanofibre  
 
1.4 Scientific and clinical significance 
The self-assembly of PA has been a rapidly developing field in the past decade and 
translational research has begun in both clinical, biomedical, semi-conductor and catalysts 
industries. One of the challenges in the field is to discover strategies to increase the 
complexity in both structural and functional features of the nanostructures. The future of the 
field would require the integration of various design principles into a PA coding library. This 
thesis provides a chapter on the modifications of the surface region to bring about structural 
and functional features to nanostructures self-assembled from PA.  
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An introduction to the field of self-assembly of synthetic polymers, particularly peptide 
amphiphiles. Design template and self-assembly mechanism are discussed to give a 
foundational understanding to the possible modifications to the surface region of the PA 
design found in subsequent chapters.  




 2.1 Self-assembly  
Self-assembly is the spontaneous organisation of molecular components into ordered 
assemblies via various noncovalent interactions. Similar to examples from biology, molecular 
programming of the components allow material engineers to design interactions such as 
hydrogen bonding, electrostatic forces, hydrophobic forces, steric hindrances and pi-pi 
stacking to bring about the assembly at various size scales (Mendes et al., 2013). The 
resulting supramolecular assembly can then be trigger-responsive and also step-wise or 
hierarchical in nature. Needless to say, the lack of intervention in this fabrication of 
nanostructures is an attractive approach towards the developing of novel nanobiomaterials 
(Zhang, 2003). Besides being an elegant assembly method, self-assembled structures have 
several advantages over conventional nanotechnology. The structures are modular, offer 
superb control over nanoscale geometries, allow for higher order organisation, dynamic and 
self-healing (Stephanopoulos et al., 2013b).  
 
One of the most successful examples in the self-assembly field of research is the unlocking of 
the great potential in oligonucleotides for a biosynthetic approach to nanotechnology. Seeman 
and coworkers opened up the field of DNA nanotechnology by leveraging on the self-
assembling ability of oligonucleotides and specific Watson-Crick pairing to produce 
nanostructures of highly ordered arbitrary shapes and in some cases lattices (Zheng et al., 
2009, Winfree et al., 1998).  
 
Another successful example in the science of self-assembly is peptides. Widely recognised as 
a great structural tool both for the understanding of basic protein science and its application as 
a synthetic polymer, peptides are studied extensively over the past decades and the current 
knowledge allows rational design to control intermolecular interactions. Peptide-based 
systems have functions crafted when the primary sequence of amino acids are designed, often 
inspired by active sequences identified in natural proteins. Unlike polynucleotides, peptides 
 CHAPTER TWO | Literature Review 
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have the unique ability to interact with most other macromolecules such as other proteins, 
nucleic acids and polysaccharides. This maps out the great potential of peptide-based systems 
for applications in medicine, catalysis and other energy related technologies (Stupp et al., 
2013).   
 
2.2 Self-assembling peptides   
 
The two most common motifs encoded into peptide-based materials are the α-helix and β-
sheet secondary structures. With a keen understanding of peptide chemistry, other molecular 
interactions such as electrostatic forces and amphiphilic forces can be programmed by 
arbitrary choice of amino acids in the primary sequences. In addition, the side-groups of 
amino acids possess reactive groups that allow further chemical functionality to be appended 
to the peptide via basic conjugation chemistry. This provides peptide-based materials an 
unlimited access to modification that can not only direct the self-assembly of nanostructure 
but to impart unique functionalities to the material.  
 
Zhang and co-workers have developed a class of self-complementary ionic peptides based on 
zoutin, a Z-DNA binding protein. The AX sequence, where X is a charged amino acid, self-
assembles into nanofibres and membranes with a strong β-sheet signal (Zhang et al., 1995). 
The nanofibres were also able to form hydrogels that proved to be highly effective scaffolds 
for a variety of tissue engineering applications (Berns et al., 2014, Semino et al., 2003, Liu et 
al., 2012a). Aggeli and other a number of other groups similarly developed short monomeric 
peptides based on alternating hydrophilic and hydrophobic amino acids that could form β-
sheet fibrillar material (Aggeli et al., 2001a, Maude et al., 2013). Another alternating type of 
peptides is a ABA triblock system developed by Hartgerink group (Dong et al., 2007). The 
supramolecular assembly process is described as a “balancing of molecular frustration” where 
hydrophobic packing of hydrogen bond forming amino acid sequence counteracts the 
 8 
repulsive forces between charged groups flanking it. A different class of short-peptide 
gelators is the β-hairpin peptides pioneered by Schnieder and co-workers (Schneider et al., 
2002, Rajagopal et al., 2006). Unlike the previous examples, the formation of higher-order 
nanofibres first involved the folding of peptide upon a D-enantiomer of a proline residue to 
give a hairpin structure that facilitates intramolecular β-sheet. Departing from β-sheet based 
structures, α-helical peptides, made famous by Woolfson’s group, represents the an 
alternative design to self-assembling peptides (Woolfson and Mahmoud, 2010). Coiled-coiled 
interaction between a-helices is based on a template design abcdefg where a and d represent 
hydrophobic residues while the rest are hydrophilic residues. Due to the presence of inter-
helix hydrogen bonding, the gelation of a-helical peptide can be controlled by heat and has 
been effective as a scaffold for cell culture. There remains many other peptide-based systems 
and the body of literature detailing the various categories of self-assembling peptides has been 
reviewed elsewhere (Stupp, 2010, Gazit, 2007, D'Auria et al., 2009, Bowerman and Nilsson, 
2012, Paparcone et al., 2011, Banwell et al., 2009). 
 
2.3 Self-assembling peptide amphiphiles 
A bulk of self-assembling peptides is amphiphilic in nature and understood to be part of the 
mechanism guiding and driving the spontaneous organisation. Molecular designers have since 
sought to enhance the amphiphilicity by chemically modifying oligopeptides with 
hydrophobic moieties such as an aromatic or alkyl compounds. The understanding behind 
hydrophobic forces and pi-pi stacking derived from biological studies of lipids and other 
aromatic chemistry facilitates the fabrication of complex modified self-assembling peptides.  
 
Peptide amphiphiles (PA) is one of the most well-known examples of such a hybrid peptide. 
PAs are formed by joining an alkyl chain to a short peptide to give a distinct hydrophobic 
segment to the molecule. Peptides are usually first synthesized and then modified with a fatty 
acid tail of desired length and thus hydrophobicity. The self-assembly in aqueous medium is 
 CHAPTER TWO | Literature Review 
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largely driven by the hydrophobic collapse of the alkyl tails where the exclusion of water 
results in the packing of them into the core of the nanostructures. Interestingly, PAs were first 
studied for their assemblies at air-water interfaces rather than formation of nanostructures 
(Berndt et al., 1995). Subsequently, self-assembly of PA into spherical micelles was studied 
and extensively reviewed elsewhere (Trent et al., 2011).  
 
Stupp’s group has developed a class of PA capable of self-assembling into one-dimensional 
nanostructures in the form of high-aspect ratio cylindrical nanofibres (Hartgerink et al., 2001). 
At a higher concentration, the self-assembled nanofibres can either entangle in a random 
fashion or be aligned to give hydrogels (Palmer et al., 2007, Zhang et al., 2010). Typically, 
these PAs comprise of four major segments: (i) a hydrophobic region, (ii) a β-sheet forming 
region, (iii) a charged region and (iv) a surface region. Each region has either a role to play in 
the imparting of self-assembling capability or functionality of the resulting structure. The 
hydrophobic region contains the alkyl chain described above and provides an assembling 
force by hydrophobic collapse. The length of this alkyl segment can be altered and palmitic 
acid appears to give an optimal length to this region (Hartgerink et al., 2002). Besides using 
alkyl chains to impart the amphiphilicity to PA, other hydrophobic components can be 
coupled similarly to the N-terminus of a short peptide (Tovar et al., 2005). The neighbouring 
β-sheet forming region is typically a short segment of hydrophobic amino acid residues with a 
strong propensity for intermolecular hydrogen bonding. Most of the self-assembled showed a 
strong signal for β-sheet structures and the formation of this secondary structure is widely 
recognised as the driving force for the elongation of PAs from micelles to nanofibres. The 
strength of the β-sheet is related to both the length and type of amino acid in this region. 
Generally, the first four residues in this region exert the most intimate constraints on the 
formation of β-sheet structures (Paramonov et al., 2006c). The choice of amino acids and the 
amount of distortion introduced into the β-sheet affects the strength of the individual 
nanofibres which in turn changes the mechanical properties of the self-assembled hydrogel 
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(Pashuck et al., 2010b). These two regions combined to drive the self-assembly into larger 
one-dimensional aggregates and the mechanism was supported by a coarse-grain simulation 
(Velichko et al., 2008). 
 
The charged region was first introduced to incorporate a hydrophilic segment to aid solubility 
in aqueous medium and to regulate hydrogelation by being responsive to changes in pH or ion 
concentration (Cui et al., 2010). The design rule of thumb for this region is to introduce 
sufficient charged amino acids for good solubility without interfering with self-assembly. 
Under physiological conditions, PAs dissolved in aqueous medium in the form of micelles 
due to repulsive forces between the charged region balancing out the elongation drive by the 
formation of β-sheets. The intra and intermolecular power struggle swings to the elongation 
of nanofibres when the repulsive forces at the charged region is removed by charge screening. 
Since these charged amino acids are weak acids and bases, this occurs when pH is changed or 
upon the introduction of multivalent ions at appropriate concentrations. The power struggles 
between the various segments within PAs are extensively reviewed elsewhere (Versluis et al., 
2010). Newer generations of PA showed the flexibility of this system by allowing other 
triggers such as oppositely charged PAs (Niece et al., 2003), photochemical (Muraoka et al., 
2008) or enzymatic cues(Webber et al., 2011a) to be introduced. The primary advantage with 
a trigger responsive gelation is the  
 
Lastly, the surface region is displayed at the furthest end from the hydrophobic core of the 
nanofibres and often exposed on the surface of the nanofibres. The location of the region 
allows it to be highly tunable without affective the self-assembling capability of PA. A more 
detailed review of the surface region is presented in Section 2.4.  
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2.3.1 PA self-assembly mechanism 
 
The solvation and assembly processes of PA are dictated by the inter-peptide and peptide-
water interactions where competing entities for hydrogen bonding and electrostatic forces 
augment the state and morphology of the nanostructures formed. To better code for higher-
order nanostructures of different morphology, a deeper understanding of the self-assembling 
mechanism behind PA orderly aggregation into nanofibres is instrumental. Most PA 
molecules are conical in shape due to the slimmer alkyl chain constituting the hydrophobic 
region. This tapered shape of the molecule is enhanced when the peripheral charged region is 
hydrated compared to the hydrophobic alkyl tails. The charged residues helming the 
hydrophilic head of the molecule therefore demand a larger atomic-real estate when packed 
into nanostructures formed. The closer packing density of amino acids nearer the core and the 
alkyl chains in the hydrophobic region contributed to the corona of a nanofibre in a 
cylindrical fashion or the spherical curvature of a micelle (Tsonchev et al., 2008).  
 
Of the multiple interactions involved in the self-assembly of PAs, the hydrophobic forces in 
the hydrophobic region, the hydrogen bonding in the β-sheet forming region and the 
electrostatic interactions in the charged region are considered the most influential. In most 
self-assembling systems, there would be an attractive segment driving the aggregation, a 
repulsive segment opposing it and an optional directional segment for geometrical influence.  
 
First, the attractive driving forces are supplied by hydrophobic interactions to form finite-
sized micelles in water at PA concentrations above the critical micelle concentration. 
According to a simulation study, when the hydrogen bonding factor is discounted, the 
micellization is a closed association pathway following a dominant nucleation mechanism 
(Velichko et al., 2008).  
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Secondly, the repulsive segment is the charged region where repetitive amino acid residues 
carrying like charges will be brought to close proximity upon spherical packing of the tapered 
PA molecules into micelles. The tension between these two segments prevents the merging of 
micelles to give worm-like micelles and eventually nanofibres.  
 
Lastly, the directional segment in the β-sheet forming region ensures the extension of the 
nanostructure into at least a one-dimensional construct. In the absence of any hydrophobic 
interactions, the PAs were found to form single and stacks of β-sheets in parallel 
arrangements. The directionality was introduced upon intermolecular hydrogen bonding 
between the peptide backbone of this region. Interestingly, it is only in the combination of 
hydrophobic collapse and hydrogen bonding that the self-assembly results in the elongation of 
micelles into nanofibres. This generally occurs when the repulsive segment is overpowered by 
the attractive and directional segments. Such power swing takes place in conditions described 
in section 1.3.2 where the repulsive forces are removed either by neutralising of charges or 
removing of steric hindrances.    
 
2.3.2 Internal structure of PA nanostructures 
 
An understanding of the molecular packing of PA at the various regions within the nanofibre 
is essential for fine tuning of both structural and functional features. Most recently, the 
combination of site-directed spin labelling and electron paramagnetic resonance spectroscopy 
enabled the elucidation of the conformational details within the core of the nanofibres. The 
internal dynamics of the nanofibres proved to be complex as it exhibits simultaneously liquid-
like and solid-like dynamics across its cross section while a viscous-like behaviour was 
predominant at the radial surface (Ortony et al., 2014). However, using infrared spectroscopy, 
the conformation of the linear alkyl chains were found to be internally ordered (Jiang et al., 
2007). Both sets of results point to an orderly arrangement of the hydrophobic region which 
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corresponded to conclusive data from topotactic polymerisation of diacetylene in modified 
PAs. By substituting palymitc acid with diacetylene, polymerization of the hydrophobic tails 
along the core of the nanofibres was observed and indicated the presence of highly ordered 
molecular packing (Hsu et al., 2008).  
 
The β-sheet forming region was similarly probed with spectroscopic techniques such as FTIR 
and CD. All nanofibres self-assembled from PA exhibit characteristic β-sheet  signals either 
in amide peaks or CD signals. A polarization modulation in infrared reflection adsorption 
spectroscopy the probing of the alignment of the β-sheet to the nanofibres. Parallel β-sheets 
were found to be oriented to the long axis of the nanofibres, consistent with the directional 
role it plays in the elongation of the nanofibres from micelles (Jiang et al., 2007, Paramonov 
et al., 2006c). However, the β-sheet present is not a pure secondary structure as distortion is 
introduced due to a difference in the β-sheet forming propensity of the various amino acids 
chosen in this region. Alanine for instance has a strong propensity for a-helix rather than β-
sheet and the greater the proportion of such amino acids over valine, an amino acid with high 
propensity for β-sheet, introduces a large degree of twisting about the axis (Pashuck et al., 
2010b). This points to a direct link between the primary sequence of the PA and the 
macroscopic properties of the self-assembled material. Material designers can fabricate a 
stiffer self-assembled hydrogel by encoding a stronger β-sheet internal structure. Sufficient 
amino acids with high β-sheet forming propensity would be chosen to constitute the β-sheet 
forming region to give less distortion in the core of the nanofibres. Nanofibres are stronger 
and stiffer with less internal disorder and thus the resulting gel has improved mechanical 
properties (Pashuck et al., 2010b). Besides affecting the stiffness of the nanofibres, the 
sequence in the β-sheet forming region also alters the kinetics of the self-assembly. Bulkier 
and more hydrophilic sequences hinder the orientation of PA into closely packed molecular 
structures (Niece et al., 2008). The gelation time of PAs for increasing viscosity to the point 
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of self-supporting lengthens and thus offers various options for injectable hydrogels for 
biomedical applications in drug delivery and tissue engineering.  
 
Besides affecting the macroscopic properties of the self-assembled gels, the twisting of the β-
sheet structure also alters the morphology of the nanostructures. A flat, non-cylindrical 
nanostructure was observed when phenylalanine residues were designed into the β-sheet 
forming region (Pashuck and Stupp, 2010b). The morphological transition over time started 
with short twisted ribbons that slowly elongated to helical ribbons in a period of four weeks. 
The twisting of the β-sheet structure created an energetic landscape that suited the curvature 
found in the longer helical ribbons better than the saddle-like curvature found in the packing 
of PAs of the initial twisted ribbons.  
 
Despite being highly ordered in the hydrophobic and β-sheet forming regions, the internals of 
PA remains accessible to various sized molecules from the aqueous medium. Large molecules 
such as enzymes are able to penetrate the interior of PA. The extent of penetration was not 
studied but the enzyme proteins could reach amino acid residues directly next to the β-sheet 
forming region. Webber et al placed a consensus substrate sequence next to the β-sheet 
forming region which could be phosphorylated by a protein kinase A enzyme (Webber et al., 
2011a). Successful enzymatic action results in the repulsion between the charged region and 
the disassembly of the nanofibres. Furthermore, small molecules on the other hand have been 
shown to be able to reach the internal hydrophobic regions of PA. Chromophores inserted 
immediately next to the hydrophobic region were successfully quenched by aqueous 
quenchers, indicating the diffusion extent covered by the small molecules (Tovar et al., 2005). 
Therefore, despite the spontaneous organisation, PA molecules are able to form highly 
ordered nanostructures by natural coding of secondary structures in peptide chemistry.   
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2.4 PA surface region modification: Structural feature of nanostructures 
 
The cylindrical morphology of the nanostructures formed by the self-assembly of PA can be 
controlled can tuned by PA designs in the surface region. Alternating hydrophilic and 
hydrophobic peptide sequence found in the surface region was found to be responsible for the 
formation of wide and flat nanobelts rather than nanofibres (Cui et al., 2009b). PA molecules 
with such surface region sequence dimerize as the hydrophobic residues associate and drive 
the packing of PA into a flat bilayer. Within the flat nanostructure, the alkyl chains 
interdigitate to give an overall thickness of around 5 nm yet the length of the structure 
remains similar to the nanofibres. The overall width of the nanobelts could be tuned to the 
order of a magnitude, from 10 nm to around 100 nm. The mechanism behind the width-tuning 
lies in the twisting of the β-sheet that still drives the directionality of the self-assembly. The 
number of alternating hydrophilic and hydrophobic sequence repeats determine the amount of 
β-sheet twisting and the greater the repeats, the greater the resulting twisting and thus the 
constraint in lateral growth or width of the nanobelts (Moyer et al., 2013).   
 
2.5 PA surface region modification: Functional feature of nanostructures 
 
2.5.1 Biomimetic sequences  
 
The amino acids at the peripheral region of the cylindrical nanostructures are exposed at the 
surface of the nanofibres. These residues come into contact with the surrounding medium and 
are displayed as motifs or epitopes for interaction with extra-PA entities. As discussed above, 
due to the conical shape of PA, the sequence in the surface region largely do not affect the 
self-assembly capability nor the eventual cylindrical geometry. However, to preserve the 
high-aspect ratio and limit negating effects of the surface region on the self-assembly, 
particularly the mechanical strength of individual fibres as well as kinetics of assembly, 
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spacer amino acids in the form of repeating glycine residues or other “neutral” sequences are 
often inserted before the surface region (Craig et al., 2008). The length of the spacer plays an 
important role as previous studies have shown that in another PA system, a longer spacer 
segment improved the effectiveness of the bioactive motif (Zou et al., 2010). It is also 
possible for the sequence in the surface region to adopt other secondary structures such as 
alpha helical coils, triple-helical coils or β-turns structures. Examples of surface region 
modifications are discussed in detail below.  
 




Laminin is one of the major ECM components, particularly in the nervous systems basement 
membranes. Studies have shown that laminin is a highly efficient neuronal cue capable of 
influencing cellular adhesion and neurite outgrowth (Culley et al., 2001, Silva et al., 2004, 
Wu et al., 2010). Laminin-mimetic peptides such as YIGSR, PDSGR and IKVAV have been 
widely used in the fabrication or modification of scaffold to promote cell survival and 
function, particularly the neural differentiation of progenitor cells (Yu et al., 2007, Weber et 
al., 2007, Gelain et al., 2006). The pentapeptide IKVAV derived from laminin-1 is one of the 
most commonly used sequence in the design of the surface region for neural application. 
Working with various neuronal cells such as PC12 and neuronal progenitor cells, PA bearing 
IKVAV epitopes show remarkable results in maintaining a permissive substrate effect for the 
support of neural regenerative therapies (Song et al., 2011). In one study, peptide nanofibres 
containing IKVAV promoted neuronal differentiation measured by increased mature neuronal 
markers and extension of neurites (Silva et al., 2004). More importantly, there was evidence 
of selective induction based on the density of IKVAV epitopes displayed on the surface of the 
PA nanofibres. One of the advantages from such selective differentiation is the minimalizing 
of glial scar formation due to an inhibition of astrocyte differentiation. The modification of 
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PA surface region with IKVAV proved to be an effective strategy to fabricate a self-
assembling hydrogel for spinal cord injury where the greatest obstacle against axonal 
regeneration has been widely identified as the glial scar formation. Results from a mouse 
model showed a decrease in astrogliosis and reduced cell death at the wound site. Histological 
evidence also showed the regeneration of neurons within the IKVAV-PA gel and later 
observations of improved behaviour in treated samples (Tysseling-Mattiace et al., 2008). A 
combination of IKVAV sequence with YIGSR bearing PA was studied as well. The different 
epitope density was adjusted by varying the amount of PA in the scaffold and the mixture was 
able to be tuned to give an optimal effect on neuronal viability and morphogenesis (Sur et al., 
2012b). More recent results used PA gels of various mechanical properties to study 
hippocampal neurons developing at different stages, allowing the initiating of axonal 
differentiation (Sur et al., 2013). Aligned, monodomain hydrogels of PA bearing IKVAV was 
also developed to guide neurite extension of NPCs for enhanced function evident from 




Collagen is a main constituent of the ECM protein that provides both structural and bioactive 
functions to cells all over the body. Collagen-like peptide was first incorporated into synthetic 
templates for a fusion polymer by Tirrell and coworkers (Yu et al., 1999). Thermal stability 
and helical ordering native to collagen were maintained when the alkyl chain of PA reached a 
critical length. The introduction of collagen sequence GFOGER came a decade later after 
studies first verified that its bioactivity  is conformational dependent (Khew and Tong, 2007). 
GFOGER derived from residue 502 to 507 of collagen alpha-1 binds to various integrin 
receptors only when presented within a triple-helical collagen structure. Similar results were 
observed when GFOGER, flanked by triple helix forming gly-pro-hyp repeats, was designed 
in the surface region of PA. Cell adhesion was observed only on PA with both adhesive 
GFOGER sequence and triple-helical forming sequences. Another collagen-derived sequence 
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DGEA was also designed on PA and the resulting nanofibres were used as coatings for 
osteogenic differentiation of MSCs. Histological data and PCR results supported the 




Heparin is a naturally occurring biopolymer known for its growth factors-binding properties 
and was widely used in tissue engineering. Its foray into self-assembling PA application 
began as a nucleating polymer for nanostructures in the form of heparin chains (Rajangam et 
al., 2006). A Cardin–Weintraub heparin-binding domain, LRKKLGKA was inserted into the 
surface region for specific binding and thereafter self-assembling into nanofibres. These 
nanofibres were highly effective when paired with nanograms of angiogenic growth factors in 
stimulating the growth of new blood vessels (Stendahl et al., 2008, Ghanaati et al., 2009). In 
addition, the heparin binding PA were used to deliver growth factors such as VEGF and FGF 
through heparin as an intermediary to induce islet endothelial cell growth for transplantation 
treatments for diabetes type 1 (Chow et al., 2010).  
 
Heparin-mimetic PA is an evolution of heparin-binding PA where the surface region is 
decorated by functional groups such as carboxylic acid, hydroxyl and sulfonate groups 
(Mammadov et al., 2011). Nanofibres and hydrogels formed from these PAs bind to growth 




Found in the connective tissues, elastin is a structural protein important for load bearing 
functions. Characterized by high hydrophobicity, elastin-like peptides typically consist of 
repetitive motifs VPGXG, where X and the number of 
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behaviour. Elastin-like PA were first designed by Aluri et al and the nanofibres formed 
displayed an inverse phase transition temperature (Aluri et al., 2012). The temperature 
responsiveness was attributed to the changes in secondary structure in the surface region 
where a change from b-type-1 turns to random coil was observed as temperature increased 




The fibronectin-mimetic peptide sequence is a simple tripeptide sequence of RGD and was 
designed unto the first generation PA (Hartgerink et al., 2002). Since its introduction, various 
PA designs bearing RGD has seen their application osteogenic (Anderson et al., 2009b, 
Sargeant et al., 2012, Vines et al., 2012), dental (Galler et al., 2008, Huang et al., 2008) and 
neural tissue engineering (Berns et al., 2014), stem-cell delivery (Webber et al., 2010), 
implant coatings  (Sargeant et al., 2008, Tambralli et al., 2009) and other cell-adhesive based 
modification (Mata et al., 2009, Sur et al., 2012a, Lim et al., 2013). The sequence primarily 
serves as a bioactive epitope that promotes both cell adhesion and proliferation within the 
hydrogels (Biesalski et al., 2006, Rexeisen et al., 2010). Branched PA fabricated through 
clever step-wise synthesis from the amine side group of lysine residue increased RGD epitope 
density at the surface of the nanofibres and also unexpectedly improved their mobility. This 
allowed greater access of cells to the cell adhesive sequences (Guler et al., 2006). The 
interaction between cells and RGD bearing PA is mediated by integrin receptors and one 
study found the binding to subunits α5β1 which initiated a cascading cellular activities 
leading to enhanced cell activities (Shroff et al., 2012).  
 
Besides enhancing cell activities, the high affinity of RGD for integrin α5β1 was also 
capitalised for the design of novel drug carriers. Tumors overexpressing integrin receptors 
were targeted by RGD-PA carrying a hydrophobic anti-cancer payload. Paclitaxel was 
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delivered in stable micelles and the cytotoxicity towards tumors cells over normal cells was 
established (Javali et al., 2012). The ability of PA to encapsulate hydrophobic drugs coupled 
with RGD sequences for targeting tumors gives researchers the flexibility in developing 
multi-functional nano-drug carriers (Chen et al., 2014).    
 
2.5.1.2 Enzyme-cleavable sites 
 
Enzyme-cleavable sequences have been included in the surface region as a strategy for 
engineering cell-responsive scaffolds. GTAGLIGQ is a type IV collagenase (MMP-2) 
cleavable site and was used as a spacer between the β-sheet region and cell adhesive 
sequences in an investigation of cell remodelling of ECM. It was found that incubation with 
MMP-2 or cells producing MMP-2 chops the cell-adhesive sequence off PA networks as 
specific cleavage between glycine and leucine residues occurs (Jun et al., 2008). The same 
sequence was used to tune the mechanical properties of the self-assembled hydrogels with 
enzymatic crosslinking strengthening the PA network.  
 
Core motif KLVFF derived from amyloid β protein is another enzyme-cleavable sequence. α-
chymotrypsin specifically cleaves between the two aromatic phenylalanine residues and 
disrupts nanofibre assembly, rendering PA in a micelle arrangement (Dehsorkhi et al., 2013). 
Both studies showed the possibility of incorporating enzyme-responsive features into PA 
nanostructures to facilitate their degradation. This could then lead to application such as 
controlled drug delivery where the payload encapsulated within the hydrophobic core of the 
nanostructures is released upon enzyme degradation of the hydrogel (Kim et al., 2009). 
 
On the other hand, Webber et al designed an enzymatic switch that could remove a 
phosphorylated substrate sequence in the surface region that inhibits PA self-assembly. 
Treatment with the enzyme caused high-aspect filamentous PA nanostructures to form which 
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could then be broken down again by phosphorylation of the said sequence (Webber et al., 
2011a). The accessibility and mobility of the peptide chain in the surface region is seen to be 
important for enzymes to operate and thus influence the self-assembly process of PAs. 
 




Angiogenesis is one of the crucial aspects in tissue engineering and the use of vascular 
endothelial growth factor (VEGF) as a stimulator has been a prominent strategy in promoting 
the growth of new blood vessels. KLTWQELYQLKYKGI is a 15-mer VEGF mimetic 
sequence discovered to retain the ability to bind and activate VEGF receptors. Despite its 
length and hydrophobicity, the sequence did not negate the self-assembly of PA when 
included in the surface region. Angiogenic activity was also observed when VEGF-PA gel 
was applied to chicken chorioallantoic membrane (CAM) as a pseudo in vivo assay (Webber 




Glucagon-1 like protein (GLP-1) is a hormone that exerts insulinotropic effects on the 
pancreas and a peptide mimicking GLP-1 was coded into the surface region. Hydrogels 
formed from PA nanofibres supported growth of insulin-secreting cells and stimulated greater 
insulin production than existing agonist exendin-4 (Khan et al., 2012). More importantly, the 
self-assembly nature of PA gels and the enhanced bioactivity over GLP-1 peptide alone make 





Much of cancer research in the past few decades have shown an intricate link between 
proteomics and oncology. More recently, there have been greater studies on gene regulation 
and transcription factors that are protein in nature. PBX proteins are studied and mimick after 
as it binds to HOX gene that is found to be deregulated in some oncogenic mutations. PA 
with a 16-mer PBX mimetic sequence in the surface area was designed to inhibit HOX-PBX 
interaction and to disrupt the cancer cell-proliferation (Aulisa et al., 2009). The conjugation of 
an acyl chain and the self-assembling capability of PBX-PA significantly improved the 
specific cytotoxicity towards cancer cells.  
 
Instead of inhibiting cell proliferation, Standley et al designed an anticancer PA that induced 
cell death. A cationic α-helical sequence known for its cell membrane disruption capability 
was designed into the surface region of the PA. This brought about two main effects, the 
gaining of cancer cell permeability and the specific induction of cell deaths in tumours 
(Standley et al., 2010). Although the mechanism behind the improved function upon acyl 
chain conjugation on a self-assembling sequence is unclear, the PA design has proved to be a 




Our body’s first defence against recurring microbial invasions comes in the form of 
antimicrobial peptides secretion by the immune system. An amphiphilic cholesterol-based 
peptide containing a TAT sequence was coupled to multiple arginine residues to improve 
membrane translocation functionality and thereby conferring it with antimicrobial effects (Liu 
et al., 2009). These sequences have been studied as synthetic agents and their efficacy against 
a wide range of microbes was established (Wiradharma et al., 2011a, Wiradharma et al., 
2011b). Shai and coworkers designed a similar PA with the surface region loaded with 
cationic sequences while the hydrophobic region constituted by palmitic acid familiar to our 
discussion. The di and tri-peptides of consecutive cationic lysine residues in the surface 
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region proved to be effective against a range of gram-positive and gram-negative bacteria as 
leakages were caused by disruption of cell membranes (Makovitzki et al., 2006). Interestingly, 
it was reported that the chirality of the lysine residue did not have any effect on the 
antimicrobial activity. Besides a direct action on the microbes, PA has also been deployed as 
a strategy against lipopolysaccharide (LPS) secreted by bacteria. PA with LPS-binding 
peptides designed in the surface region have been used as an effective antisepsis strategy due 
to the improved efficacy with the conjugation of long acyl chains (Mas-Moruno et al., 2008). 
The findings indicate the use of self-assembling PA as a novel strategy for antimicrobial 
therapy.  
 
2.5.2 Organic Templating 
 
Chemical moieties at the surface region provide a template for various functions. The first 
generation PA possessed a phosphor-serine residue and preferential alignment of 
hydroxyapatite (HA) crystals along mineralised nanofibres was observed after treatment with 
calcium and phosphate ions. The presence of phosphor-serine at a high density with sufficient 
access by small ions at the surface of the nanofibres produced a local ion supersaturation for 
the nucleation of HA crystals on PA nanofibres (Hartgerink et al., 2001). Mineralised PA 
nanofibre scaffold was used to promote osteogenic regenerative therapy in non-healing 
femoral defects in rats (Mata et al., 2010). Mineralised PA scaffold also induced osteogenic 
differentiation of MSCs evident from ALP and OP expression (Sargeant et al., 2012). Aside 
from HA crystals, PA nanofibres could also nucleate cadmium sulphide crystals for semi-
conductor applications (Sone and Stupp, 2004). Similarly, palladium crystals were nucleated 
through Suzuki coupling along PA nanofibres in the fabrication of a nanocatalyst system 
(Khalily et al., 2012). Therefore, the addition of an amino acid derivative phosphor-serine at 
the surface region demonstrated the potential of using PA nanostructures as organic templates 
for the nucleation of inorganic crystals in orderly fashion (Li and Stupp, 2005).  
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2.5.3 Chemical ligands for nano-tagging 
 
Peptide modification is a standard post-synthesis process that opens a library of possibilities 
for material chemists. Biotinylation is a common modification for peptides should further 
conjugation via an intermediary of avidin type protein is needed. Guler et al demonstrated the 
flexibility of adding a biotin sequence to the surface region by coupling to the amine side 
group of an additional lysine residue (Guler et al., 2005). The nanofibres were decorated with 
avidin-conjugated fluorophores after PA self-assembly and demonstrated the possibility of 
adding any compounds through biotin-avidin coupling. However, avidin molecules are 
several magnitudes larger in size compared to the resolution of the PA nanostructures. A 
smaller linker system in the form of native chemical ligation (NCL) was designed to allow 
conjugation of smaller decorating compounds to the nanofibres. NCL reactions are considered 
ideal for PA nanofibres binding as it is biocompatible and not affected by the presence of 
commonly used lysine and glutamic acid residues. Short adhesive RGDS peptides were 
conjugated to the surface of nanofibres after PA assembly and significantly improved cellular 
adhesion thereafter (Khan et al., 2014). The possibly of having a “clickable” sequence in the 
surface region greatly improves the customizability of the PA system for user-focused 
functionalities.  
 
2.5.4 Small molecule delivery 
 
Self-assembling peptide is an attractive platform to customise and deliver small therapeutics 
in the field of nanomedicine (Sundar et al., 2013). Most of the conventional drug delivery 
hydrophobic drugs encapsulated within micelles due to poor solubility and the PA 
nanostructures offer similar functions. Drugs such as nitric oxide and camptothecin are 
delivered to their targets in aqueous medium through the use of PA nanostructures and studies 
typically show the enhanced activity when such nanocarriers are used (Kapadia et al., 2008, 
Soukasene et al., 2011). Given the flexibility and programmability of PA, material scientists 
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have also taken a rational approach of coding drug releasing or binding sequences into the 
surface region. For instance, instead of storing hydrophobic drug releasing compounds within 
the core of the nanostructures, Matson et al designed carbon monoxide releasing compounds 
(CORM) into the surface region. Besides improving the solubility of the CORMs, the network 
of nanofibres upon gel formation provides an additional controlled release mechanism to 
regulate the delivery of carbon monoxide (Matson et al., 2012b). Hydrazone linker is an 
example of drug binding sequence which was coded into the surface region. Dexamethasone 
is one drug that could covalently bind to the hydrazone linker and was generally used as an 
anti-inflammatory drug. The drug-conjugated PA gel successfully localised the delivery of 
dexamethasone and greatly reduced inflammatory responses in mice models (Webber et al., 
2012). To add another layer of control for the release of drugs bound to hydrazone, a series of 
PA with varying position of hydrazide in the surface region was systematically designed. A 
modal hydrophobic drug was used to evaluate the changes in drug release profile as the 
binding position was shifted by positions of amino acid away from PA C-terminus (Matson et 
al., 2012a).  
 
PA could also be used as a drug delivery vehicle without additional sequence to covalently 
bind to the drug. Bulut and coworkers designed a highly cationic PA that interacted 
electrostatically with a negatively charged Bcl-2 antisense oligodeoxynucleotide (ODN). The 
complexation between PA and ODN produced a nanofibrous complex for gene therapy that 
enhanced cellular uptake of the oligonucleotide. Therefore, we have seen that a variety of 
design strategies in the surface region could be employed towards drug delivery with a high 
level of control.   
 26 












Objective one: Imparting bioactive functions to PA gels by designing conformation-dependent 
collage- mimetic sequence into surface region and showing its synergistic effect on the neural 
permissivity of scaffold with laminin-mimetic motif. Importantly, this chapter showed that 
longer biomimetic sequences, particularly conformation-dependent sequence like collagen, 
could be designed into the surface region. The results from this work have been submitted to 
Acta Biomaterialia n under the title “Designer Collagen and Laminin-mimetic Peptide 
Nanofibrous Scaffold for Neural Regeneration”.  







The art of tissue engineering lies in the recreation of the natural microenvironment of cells 
that promotes tissue regeneration through a complex interaction between cells, biomolecules 
and mechanical stimulus. The designing of biomimetic materials represents the latest stage of 
regenerative medicine development to combine structural, mechanical and biochemical 
stimuli in scaffold fabrication (Mendes et al., 2013, Studart, 2012). Neural tissues are one of 
the beneficiaries of such developments as designs of biomimetic materials begin to combine 
various strategies to promote recovery in traditionally poor regenerative capacity. One of the 
challenges in neural tissue engineering is the re-establishing of neuronal connections in 
implants to restore the function of the nervous system (Eftekharpour et al., 2008). An 
essential event in the regeneration of neuronal network is neurite outgrowth, a complicated 
process governed by both intra and extracellular biomolecules (Bradke et al., 2012, Karimi-
Abdolrezaee and Eftekharpour, 2012).  
The anchorage dependent neural cells form strong ligand-receptor interactions during neurite 
extension with a series of ECM molecules (Gordon-Weeks, 1991, Gordon-Weeks, 2004, 
Harunaga and Yamada, 2011). Investigations showed the ability of collagen IV, Poly-D-
Lysine (PDL) and laminin to promote neuron adhesion and differentiation, which is measured 
by neurite extension (Lu et al., 2014). The underlying signaling process is a complex series of 
molecular events regulated by integrin and focal adhesion kinase (FAK) (Wen and Zheng, 
2006, Ivankovic-Dikic et al., 2000, Ren et al., 2004). Two of the major components of the 
natural neuronal ECM are collagen and laminin. Collagen has been broadly applied to a 
spectrum of tissue engineering as a scaffold and specifically was a great candidate for neural 
regeneration due to its suitable mechanical properties (Willits and Skornia, 2004, Blewitt and 
Willits, 2007, Deister et al., 2007). Similarly, laminin has been used as a neuronal cue to 
influence adhesion and neurite outgrowth (Culley et al., 2001, Silva et al., 2004, Wu et al., 
2010). Unlike collagen, laminin is seldom used as a whole protein due to its size. Most studies 
chose to use the bioactive peptide sequence from laminin-1, which has similar effects in 
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neural adhesion and neurite outgrowth. Scaffolds such as polymeric surfaces or agarose gels 
are often decorated with IKVAV peptides to provide high-density biological cues to improve 
neurite outgrowths (Huber et al., 1998, Tashiro et al., 1989, Yu et al., 2007). Most recently, 
the combination of these two proteins, through bolus mixing or covalent coupling of IKVAV 
to collagen scaffold, have been found to synergistically enhance the permissivity towards 
neurite extension (Swindle-Reilly et al., 2012, Hosseinkhani et al., 2013, Raghavan et al., 
2013).  
 
Figure 3.1. Chemical structures of biomimetic PAs (a) and details of the PA combinations 









Self-assembling peptide amphiphiles (PA) is a flexible system to synthesize nano biomaterial 
and can be used to combine both collagen and laminin mimetic motifs in a scaffold. PA is 
capable of forming nanofibres that entangles into a highly hydrated interwoven network with 
pores of 5-200nm, a topology similar to natural ECM (Zhang et al., 1995, Holmes et al., 
2000). This nanoporous scaffold recreates the microenvironment for cells to regenerate as it 
allows for the slow diffusion of nutrients and waste (Maude et al., 2013, Semino et al., 2003). 
Previously, PA hydrogels have been shown to support proliferation and differentiation of 
neuronal stem cells as well as a reduced formation of glial astrocytes when injected into in 
vivo models (Cheng et al., 2013, Cunha et al., 2011, Li et al., 2014). Laminin mimetic PAs 
bearing the IKVAV motif have been used to provide the necessary neuronal cues and 
cooperative effect even found with heparan sulfate mimetic PA. Laminin mimetic PAs have 
also been mixed with collagen gels to produce a hybrid matrix that greatly improved the 
attachment and survival of neuronal cells compared to pure collagen gels (Sur et al., 2012b). 
These findings fuel our hypothesis of creating a combination of collagen-laminin mimetic PA 
scaffold and to establish any synergistic effects of the bioactive motifs on neuronal 
differentiation.  
Using naturally-occurring bioactive peptides, we seek to introduce biofunctionality to the 
self-assembled nanofibers. We describe here a collagen mimetic PA design used for the first 
time for neural tissue engineering. Collagen is one of the main constituents of adhesive 
proteins in the extracellular matrix and has been shown to be an effective scaffold that 
supports neurite outgrowth. We also describe the combination of the collagen mimetic PA 
with laminin mimetic PA to establish any cooperative effect between these bioactive motifs 
towards neurite outgrowth. The effects of this biomimetic matrix were evaluated by PC12, a 
cell line derived from rat adrenal gland pheochromocytoma. PC12 can be induced to 
terminally differentiate into neural cells and has been used as a robust and rapid cellular 
model for neuronal differentiation (Vaudry et al., 2002, Westerink and Ewing, 2008, Radio 
and Mundy, 2008). The characterization of this self-assembling scaffold will present tissue 
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engineers with an easy, customizable approach towards the regeneration of extracellular 
environmental elements favourable for neural regeneration.  
 
 
Figure 3.2. CD spectra of PAs under different conditions showing random coil structures 
generally when measured pure and found to contain β−sheet secondary structures when 
combined. (a) CD signals of PLL-mimetic and laminin-mimetic PAs. (b) CD measurements 






3.2 PA designs and their characterization 
 
A total of six PAs were molecularly designed to self-assemble into nanofibres that entangle 
into a gel upon screening of amino acid charges by pH or ionic changes (Figure 3.1) 
(Stephanopoulos et al., 2013b, Behanna et al., 2005a). All the PAs have a hydrophobic region 
formed by conjugating a dexadecanoic acid to the N-terminus of the oligopeptide. Each PA 
molecule also possesses a β-sheet forming sequence of four consecutive alanine residues and 
a charged region of four consecutive lysine or glutamic acid residues. The bioactive motif at 
the C-terminus of each PA molecule is separated from the β-sheet  forming region by two 
spacer glycine residues. C16-AAAAEEEEGGK (PA-1) and C16-AAAAKKKKGGK (PA-2) 
were designed to present lysine residues on the surface of the nanofibre similar to poly-lysine.  
At physiological conditions, PA-1 and PA-2 will be negatively and positively charged 
respectively. When mixed, the opposite charges neutralize each other the PA packs into a 
cylindrical one-dimensional nanostructure (Behanna et al., 2005a). C16-
AAAAKKKKGG(GPO)3GFOGER(GPO)3 (PA-3) was designed to mimic collagen with a 
cell-adhesive GFOGER sequence flanked by triple-helix forming repeats of (GPO) (Luo and 
Tong, 2011). Two controls for collagen mimetic PA were also designed to present a 
scrambled triple-helix sequence in C16-AAAAKKKKGGPGOPPGGOOGFOGER 
PGOPPGGOO (PA-4) and an absence of the bioactive GFOGER sequence in C16-
AAAAKKKKGG(GPO)8 (PA-5). Lastly, C16-AAAAKKKKGGIKVAV (PA-6) was 
designed to mimic laminin as the IKVAV sequence has been shown to be an effective 
neuronal cue.  
The PAs dissolved to give a clear solution in water and their self-assembly was characterized 
by circular dichorism (CD) spectroscopy. According to literature, β-sheet  formation is one of 
the primary driving forces during the elongation of PAs into nanofibres. This typically occurs 
when the repulsive forces between charged residues next to the β-sheet forming sequences are 
removed when PA-1 mixes with the rest of the PAs (Paramonov et al., 2006c). As expected, 
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we observed a shift in CD signals from a random coil to a predominantly β-sheet signature 
when PAs are mixed (Figure 3.2).  
Figure 3.3. Electron micrographs of nanofibres formed upon mixing PAs.Representative 
TEM image (a) of C6 nanofibres. Scale bar = 200 nm. Biotinylated PA-5 in C6 nanofibres 
were labelled with streptavidin-gold nanoparticles (b). White arrows point to gold 
nanoparticles (~5 nm) and scale bar = 50 nm. FESEM image of C6 gel revealing network of 






Unlike the rest of the PAs, PA-3, PA-4 and PA-5 are longer sequences due to the minimum 
length of tandem repeats to reproduce the triple-helix characteristic of native collagen. 
Collagen-mimetic triple helical peptide sequence exhibits a unique CD spectrum 
characterized by a positive peak at around 220 nm, a crossover at around 213 nm and a 
negative peak near 197 nm (Sakakibara et al., 1972, Brown et al., 1972). Both PA-3 and PA-5 
displayed a similar CD signal to the triple-helix signature with a red shift in band position 
probably due to a higher amino acid content (Figure 5.2b) (Rippon and Walton, 1971). The 
absence of a triple helix CD signal in PA-4 was as expected due to the scrambling of the 
(GPO)n sequences. The above results demonstrate that all PAs adopt a predominant β-sheet 
structure after mixing and only mixtures with PA-3 and PA-5 may possess collagen-mimetic 
triple helical motifs.  
To understand the morphological structures of the PAs upon self-assembly, transmission 
electron microscopy (TEM) images were taken for each combination of PAs (Figure 3.3a). 
TEM micrographs of negatively stained samples revealed that the PAs form nanofibres of 
several microns in length and around 10 nm in diameters upon mixing (Figure S3.1). To 
examine whether the biomimetic PAs were well distributed throughout the matrix upon 
mixing to ensure a global stimulation rather than a localized biochemical stimulus, a 
biotinylated PA-6 was synthesized and mixed with PA-1 and PA-2. Gold nanoparticles 
labeled with streptavidin were used to visualize the location of these biotinylated PA-6 along 
the nanofibres. TEM images showed an even distribution of gold nanoparticles along the 
nanofibres and hence indicating that the bioactive motifs on PA-6 were evenly distributed 
throughout (Figure 3.3b). At a higher concentration of 7.5 mM, the self-assembled nanofibres 
entangle into a network and aggregates into a hydrogel within seconds. The morphology of 
the nanofibres network in the hydrogels was visualized by field emission scanning electron 
microscopy (FESEM). The micrographs revealed a nanoporous network resembling that of 
the natural ECM and were consistent with the TEM images (Figure 3.3c). The CD spectra and 
electron micrographs showed that the combination of PAs form nanofibres when mixed under 
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physiological conditions. In addition, no visible degradation of PA gels used in cell culture 
was observed. Given the absence of enzymatic cleavage sequence, PA gels are degraded 
hydrolytically at least after two weeks in culture medium (Tysseling-Mattiace et al., 2008). 
During cell culture, previous studies have also shown PAs remain in nanofibre formation 
even when they are endocytosized (Beniash et al., 2005).  
 
3.3 Neural differentiation of PC12 cells on collagen-mimetic nanofibres 
 
A great challenge in neuronal tissue engineering is the neuronal connection is essential 
towards integration of implanted cells-scaffolds construct as well as the restoration of 
neuronal network functions. We first evaluated if the collagen-mimetic epitopes presented on 
the surface of the PAs nanofibres were suitable to promote the neuronal differentiation of 
PC12 via a neurite extension assay. PC12 cells at passage 4 were cultured on PA gels, 
positive control poly-L-lysine (PLL) coatings and a negative control of blank cell culture 
plate (BLK) over 5 days and the proportion of cells with neurites was counted on days 1, 3 
and 5 (Figure 3.4a). Generally, the proportion of cells with neurites increased with culture 
time and the projections from cell body grew clearly distinguishable from the surface matrix 
(Figure 5.4b). On C1 gel, neurite extension was comparable to that observed on PLL coated 
surfaces for day 1 and subsequently PLL coated surface performed slightly better through to 
day 5. Among the collagen-mimetic gels, PC12 adhere and differentiated only on C2 and C3 
gels. The proportion of cells with neurites on collagen-mimetic C2 gels was significantly 
greater than both PLL-mimetic C1 gels and scrambled-triple helix C3 gels for all time points. 
In contrast, a large proportion of PC12 cells did not spread themselves on C4 gels, presenting 
themselves as clusters of spherical cells instead. The lack of neurites implied that PC12 cells 
did not differentiate on C4 gels (Figure S3.2).   
 
The results demonstrate that the cells were able to undergo neural differentiation on the PA 
gels. PA-1 and PA-2 are the primary constituents of all the PA gels and manifest lysine 
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residues on the surface of the nanofibres. The density of lysine presented to the cells is 
estimated to be around 100 times more in PLL coating compared to C1 gels and that could 
explain the significant higher proportion of cells with neurites at day 5 (Silva et al., 2004). 
The difference in neurite outgrowth on collagen-mimetic gels C2, C3 and C4 could be due to 
the cell-binding ability of GFOGER in triple-helical conformation. Upon cell attachment, 
strong linkages between membrane receptors such as FAK and integrins initiate intracellular 
signaling that cascades through a series of complex molecular events linking to neurite 
outgrowth (Wen and Zheng, 2006, Ivankovic-Dikic et al., 2000, Ren et al., 2004). The cell-
adhesive sequence GFOGER in collagen I binds to integrin receptors α1β1, α2β1, α 10β1, 
and α11β1 (Knight et al., 2000, Knight et al., 1998, Khew and Tong, 2007). Collagen-
mimetic peptide amphiphiles bearing the GFOGER sequence have been shown to exhibit cell-
binding ability only when GFOGER was presented in a triple-helical conformation (Khew 
and Tong, 2007, Khew et al., 2007). Although C2 and C3 gels both possess GFOGER within 
the peptide sequence, only PA-3 in C2 gels displayed the sequence in a triple-helical 
conformation (Figure 5.2b). The possible enhanced cell-binding ability of C2 gels over C3 
gels could explain the more than two folds increase in proportion of cells with neurites. On 
the other hand, C4 gels exhibit only the triple-helical and highly hydrophobic (GPO)n 
collagen sequence on the nanofibres and thus the cells could not adhere well to the surface 
and possibly led to a lower proportion of cells with neurites. The above data suggests that the 
neurite outgrowth of PC12 cells on collagen-mimetic peptide is promoted by the presence of 
GFOGER sequence in a triple-helical conformation.  
 
3.4 Neural differentiation of PC12 cells on laminin-collagen mimetic nanofibres 
 
Next, we evaluated the effect of laminin-mimetic PAs on the bioactivity of collagen-mimetic 
PA matrix in neural differentiation. It is known that the IKVAV motif the alpha 1 chain of 
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laminin-1 could promote neuronal cell attachment, migration and neurite outgrowth and thus 
PA-5 was designed with IKVAV to be presented at the surface of the nanofibres (Tashiro et 
al., 1989). PC12 cells cultured on laminin-mimetic C5 gels exhibited significantly higher 
proportion of cells with neurites when compared to PLL-mimetic C1 gels (Figure 3.4b). A 
laminin-collagen mimetic PA gel (C6) containing both PA-2 and PA-5 is the most permissive 
scaffold for neurite outgrowth. Despite C6 gels having the same bioactive motifs density as 
C2 and C5 gels, the proportion of cells with neurites was about 30 % and 100 % more on day 
5 respectively. Assuming a linear relationship between epitope density and neural 
differentiation, cells grown on C6 gels is expected to be around 21.1 %, an average between 
C2 and C5 gels. The results suggest that the presence of both laminin-mimetic and collagen-
mimetic PAs contributes synergistically to neural differentiation of PC12 cells.  
 
The neurite outgrowth of PC12 cells on PA gels containing IKVAV motifs could similarly be 
explained by the cell-binding ability of these sequences. Laminin has been shown to be one of 
the most significant biochemical cues that bind to FAK of PC12 cells to trigger neurite 
outgrowth (Lee et al., 2012). Research on peptide amphiphiles bearing IKVAV motifs also 
demonstrated their cell-binding ability and consequently improved neurite outgrowth of 
neural cells cultured on the self-assembled nanofibres (Silva et al., 2004). Furthermore, 
enhanced neural differentiation has previously been observed when collagen was either mixed 
with laminin or decorated with IKVAV peptides (Swindle-Reilly et al., 2012, Hosseinkhani et 
al., 2013, Raghavan et al., 2013). The synergistic effect from the combination of laminin and 
collagen could be due to the affinity of these adhesive motifs to different types of receptors 
such as the beta subunit of integrin (Agius et al., 1996). The combination of these bioactive 
motifs on a synthetic PA matrix therefore better mimics the natural ECM in the basement 
membrane for neuronal regeneration.   
 38 
 
In the mimicking of three-dimensional ECM, the initial processes for the development of 
differentiation phenotypes are cell seeding and proliferation (Hiraoka et al., 2003). A 
proliferation assay was performed to assess both the adhesion and proliferation of PC12 cells 
on the biomimetic PA scaffolds. Initial cell attachment is not significantly different across the 
different PA gels (Figure 3.5a). Since the proliferation of PC12 cells is suppressed during 
neuronal differentiation in the presence of NGF (Dyer and Cepko, 2001), the marked 
differences observed in the proliferation profile could reflect the cell-matrix adhesion across 
Figure 3.4. Representative optical image of PC12 cells on C6 gel for neurite outgrowth 
analysis (a). White arrows point to neurites and scale bar = 100 µm. Difference in the 
composition of SAP gels influence the proportion of cells with neurites (b). Laminin-
collagen mimetic C6 gel is the most suitable SAP combination for neurite outgrowth. One-
way ANOVA testing was used to analyse for significant differences within each day where 
* (p < 0.05).Tukey post-hoc test was done and †,‡, ± and γ represent significant difference 
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the different PA gels. Significantly higher number of cells was found on C6 gel when 
compared to C1, C2 and C5 gels. These results suggest that the combination of adhesive 
motifs from collagen and laminin has synergistic effect on the bioactivity of PA scaffolds.  
In addition to culturing the cells on PA gels, we encapsulated the cells in PA gels and cultured 
them for a week to assess the neurite outgrowth pattern in a three-dimensional system. 
Immunostaining for beta-III tubulin, a neuron specific marker, identified that the cells in PA 
gels grew in clusters with neurite extending outwards towards the scaffold or connecting with 
neighbouring clusters (Figure 3.5b). This is similar to PC12 cells grown on a positive control 
Matrigel, a basement membrane matrix containing a cocktail of ECM proteins and growth 
factors (Figure S3.3). Since neurite outgrowth could not be easily identified in clusters of 
cells, measurements of neurite length were used to provide quantitative information about 
neuronal differentiation (Harrill and Mundy, 2011). Compared with PC12 cells growing on 
C1, C2 and C5 gels, those cultured on C6 gels have the significantly higher percentage cells 
with long neurites (Figure 3.5c), thus suggesting the synergistic effect of laminin and 
collagen-mimetic motifs on neurite outgrowth.  
Besides biochemical cues, the mechanical properties of the scaffold also influence neurite 
outgrowth of neural cells (Zhou et al., 2013, Willits and Skornia, 2004). The PA gels appear 
to be strong enough to support neurites extension as neurites could be seen growing into the 
scaffold. Due to optical limitations, the PA gels formed for cell culture and neurite extension 
assays have to be thin. The resulting mechanical properties of the scaffold with such 
geometries would primarily be afforded by the culture plate surface beneath the layer of gel. 
We believe that any mechanical cues introduce by these thin scaffolds might not account as 
significantly as the chemical cues presented on the surfaces of the nanofibres. Nevertheless, 
the PA system is highly customisable and the design of the molecule enables the decoupling 
of the mechanical properties from the bioactive motifs. The mechanical properties of the gel 
depend upon the strength of individual nanofibre and the crosslinking between nanofibres. 




Figure 3.5.  Proliferation profile of PC12 cells on PA gels over 7 days (a). One-way ANOVA 
with post-Tukey test showed significant difference across the group at day 7. C6 gels promote 
PC12 to proliferate most. Encapsulation of PC12 cells was observed with confocal 
microscopy. Representative image of C6 gel (b) shows PC12 cells differentiating. Scale bar = 
100 µm. Neurite analysis shows that C6 gels promote PC12 cells differentiation and is 
significantly higher than all other PA gels (c). †,‡ and γ represent significant difference with 
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distortion in the β-sheet structure, affecting the strength of the individual nanofibres and 
consequently the mechanical properties of the self-assembled gel (Pashuck et al., 2010b). On 
the other hand, enzymatic crosslinkings have been used to enhanced the overall mechanical 
properties of the hydrogel (Bakota et al., 2011). Future studies in tweaking the mechanical 
strength of the PA gels while retaining the combination of laminin and collagen-mimetic PA 





We have demonstrated that synthetic peptide nanofibres scaffold formed by the co-assembly 
of ECM mimicking PA can be tuned to support and promote neuronal differentiation. 
Collagen-mimetic epitopes expressed on the surface of the self-assembled nanofibres promote 
neurite outgrowth when the adhesive GFOGER sequence was present in a triple-helical 
conformation. When combined with laminin-mimetic epitope IKVAV, the hybrid matrix 
synergistically promoted greater proportion of cells to sprout neurites and the length of 
neurites was significantly longer than on either collagen or laminin-mimetic scaffolds. The 
decoupling of adjustable bioactive epitope density from tunable mechanical properties in this 
self-assembly system signals the next stage of designer scaffold for nerve tissue regeneration.  
Using bio-inspired sequences, we showed that the functional features could be incorporated 
into designer tissue engineering scaffold through the surface region of PA. The retaining of 
longer and conformational-dependent sequences’ biofunctionality when inserted into PA 
surface region was a testament to the flexibility of the PA design. In the next chapter, we 
would aim to show that structural nanofeatures could be programmed into PA through a 




3.6 Experimental section 
 
 Materials 
PAs were custom synthesized with a standard Fmoc solid phase peptide synthesis by 
Biopeptek Inc. (Malvern, PA) and followed closely to protocols reported (Mata et al., 2012). 
PAs had amide modification at the C-terminus and purified till 95 % purity with HPLC. 
MALDI-TOF was used to characterize the synthesized peptides. Chemicals and solvents were 
purchased from Sigma-Alrich (St. Louis, MO) unless otherwise mentioned.  
Preparation of PA Hydrogels 
Lyophilized PAs were dissolved in hexafluoro-2-propanol (HFIP) and dried over filtered 
nitrogen gas. Next, appropriate volume of ultrapure water (18.2 MΩ, Milli-Q A10) was added 
to give a concentration of 7.5 mM. The solution was sonicated for 1 h at a temperature of 
70 °C to ensure complete dissolution of the PA molecules. For CD and TEM analysis, the PA 
solutions were further diluted to 0.15 mM and 0.75 mM respectively. The self-assembly of 
the peptides was triggered by adding PA-1 to the PA mixture in each combination as only 
PA-1 bears glutamic acid residues in the charged region of the PA design. Before adding the 
PA mixture, the surface of the chamber slides were plasma-cleaned (Harrick Plasma, United 
States) to increase the hydrophlicity of the substrate. A layer of 40 µl PA gel was formed 
when mixed in a 8-well chamber slide (Nunc) and the gel was washed thrice with PBS and 
soaked in medium overnight. For neurite analysis involving the counting of neurite length, 
120 µl PA solution were prepared in a 4-well chamber slide (Nunc) at 15 mM and mixed 
quickly with cell suspension in medium and 10 X PBS at a ratio of 5:4:1. A positive control 
was designed with Matrigel (BD Biosciences, New Jersey) and the gel formation was 
performed according to manufacturer’s protocol.  
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Circular Dichorism (CD) 
The secondary structures of the self-assembled nanofibres were determined in circular 
dichorism studies carried out using a CD spectrometer (JASCO J-810). Wavelength scans of 
pre-mixed PAs were taken at pH 4 for all solutions except PA-1 which was done at pH 11. 
Scans were also taken of the combinations of PAs at pH 7.4. All CD data were recorded at 0.5 
nm intervals between 250 nm and 185 nm, at room temperature and averaged over 5 
acquisition cycles. A quartz cuvette of 0.1 cm path length was used to collect the spectra and 
each spectrum corrected by subtracting the background before expressing the data as mean 
residue of ellipticity.  
Transmission Electron Microscopy (TEM) 
6 µl of PA mixture in appropriate ratios are mixed by drop-casting unto a carbon-coated 
FORMVAR copper grid (200 mesh). The mixture was incubated on the grid for 10 min 
before excess fluid was wicked off with filter paper to produce a thin film of the sample. 
Subsequently, the samples were negatively stained with 1 wt% phosphotungstic acid for 1 
min and air-dried for 3 h. The samples were kept in a dry-box and observed under a TECNAI 
T12 electron microscope with 120 kV operating voltage.  
Field Emission Scanning Electron Microscopy (FESEM) 
 
PA solutions were mixed and dropped unto freshly cleaved mica surfaces. The samples were 
mounted unto copper stubs and exchanged with ethanol overnight. Hydrogels formed were 
critically dried using a Tousimis Autosamdri-815 instrument and coated with platinum before 




PC12 culture and cell-seeding 
 
PC12 cells were cultured in F-12K Medium, supplemented with 2.5 % of fetal bovine serum 
(FBS) and 15 % of horse serum, at 37 °C and 95 % CO2. The medium was changed every 48 
h and the cells cultured to passage 4 before they were seeded for the various experiments. 
PC12 cells were seeded at a density of 105 per well on a 8-well chamber slide on hydrated PA 
gels for neurite counting experiments. For neurite length measurements, PC12 cells were 
mixed with PA solutions at a density of 2 X 105 per well on a 4-well chamber slide. Nerve 
growth factor (NGF) was added at a concentration of 250 ng / ml to induce neural 




Samples were fixed with 4 % paraformaldehyde for 20 min and washed once with PBS, twice 
with 100 mM NH4Cl in PBS and again with PBS. Cells were then permeabilised with 0.1 w/v% 
saponin in PBS for 15 min. Next, the samples were treated to a blocking buffer that consisted 
of 5 % FBS and 2 % bovine serum albumin (BSA) in PBS for 15 min. This was followed by 
incubation with diluted primary antibodies in the blocking buffer for an hour. After washing 
the samples thrice with PBS, the samples were incubated for 1 h with a solution of diluted 
secondary antibodies, DAPI and phalloidin-TRITC in PBS. Finally, the samples were washed 
4 times in PBS, and observed under a confocal laser-scanning microscope (C1 system, Nikon 
Singapore, Singapore) as previously described (Chen and Tong, 2012).  
 
Neurite and statistical analysis 
 
The proportion of cells with neurites was assessed by manual counting of images captured by 
an inverted optical microscope (Olympus, Japan). PC12 cells grown on a layer of SAP gel in 
glass chamber slides were imaged at 9 random spots and each sample had 3 biological repeats. 
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Cells with extension clearly distinguishable from the body and longer than two cell bodies 
were counted as cells with neurites. The neurite length was counted with samples of 
encapsulated PC12 cells and only neurite stained for beta-III tubulin longer than 50 µm were 
counted.  
 
All data are presented as (mean ± standard deviation) of 3 replicates, unless otherwise stated. 
One-way ANOVA with Tukey post hoc tests (Excel, Microsoft Corp, Seattle, WA) were used 
to analyse the statistical difference between samples. Differences were considered significant 
when p < 0.05 and were represented by appropriate symbols. 
 
Cell viability assay 
 
MTT (3-(4,5-dimethylthiazol-2yl)-2,5 diphenyl tetrazo- lium bromide) assay was used to 
estimate the number of live cells. Briefly, MTT (Sigma) dissolved in phosphate- buffered 
saline (PBS) was added to a sample and incubated for 4 h at 37 °C in a humidified 
atmosphere. The solubilization solution [10% sodium dodecyl sulphate (SDS) in 0.01M HCl, 
Sigma] was then added to the sample, and the mixture was left standing overnight. The 
absorbance at 595 nm was measured using a Wallac Victor3 1420 microplate reader 
(PerkinElmer, Waltham, Massachusetts, USA). Cell numbers were correlated with the 























Objective two: Recreating the unique blend of strength and elasticity found in spider silk by 
mimicking the repetitive peptide sequence in the design of PA. The relationship between the 
amorphous motifs and the mechanical properties of the resulting self-assembled PA gel is 
elucidated.  Particularly, structural nanofeature was shown to be programmable through the 
incorporation of bio-inspired spider-fibroin sequences. The results from this work have been 
submitted to ACS Nano under the title “Mechanical Role of Nephila Clavipes Dragline 
Elastic Motifs in Self-Assembling Silk-Mimetic Peptide Hydrogel”. 







Silk is one of the toughest and most versatile materials known with a unique combination and 
balance of strength and extensibility (Vollrath and Knight, 2001, Simmons et al., 1996, Shao 
and Vollrath, 2002). A wide variety of spider silks are currently in existence, each of which is 
marked with a distinct mechanical character. Nephila Clavipes is a widely studied spider silk, 
with bulk of the research focusing on the major ampullate gland (Hayashi et al., 1999, 
Hayashi and Lewis, 1998). The major ampullate spidroin MaSp1 and MaSp2 manufacture 
dragline silk which is well known for its combination of high tensile strength and elasticity, 
which leads to fibres with extraordinary toughness (van Beek et al., 2002, Li et al., 1994). A 
key to deciphering the source of the mechanical properties of silk is to map the molecular 
architecture to their macroscopic mechanical functions. Previous studies have shown that core 
sequences consisting of iterated tandem repeats of poly-alanine and poly-alanylglycine were 
able to form crystalline domains of β-sheet responsible for the high tensile strength of silk 
(Lefevre et al., 2007, Thiel et al., 1997). These β-sheet crystals are embedded within a matrix 
of amorphous glycine-rich (GGX) and proline-rich (GPGXX) chains, where X generally 
stands for alanine, tyrosine, leucine or glutamine (Sponner et al., 2005, Brooks et al., 2005). 
The structure adopted by GPGXX has been described to be in a β-turn spiral or helical 
structure that can function as molecular nanosprings and provides the silk fibre with its 
elasticity (Hu et al., 2006, Lewis, 2006). A systematic study of relationship between the 
primary sequence of silk motifs and the eventual mechanical properties of the self-assembled 
hierarchical structure can aid the design of customised synthetic silk materials. 
 
Customised biomaterials can be fabricated with a “bottom-up” approach by using building 
blocks such as synthetic peptides (Cavalli et al., 2010). Small peptide building blocks have 
been previously designed to self-assemble spontaneously into β-sheet aggregates to form 




nanotapes (Tao et al., 2011a, Moyer et al., 2013, Cui et al., 2009a), nanoribbons (Zubarev et 
al., 2006, Pashuck and Stupp, 2010a, Aggeli et al., 2001b) and nanofibers (Santoso et al., 
2002, Silva et al., 2004, Hartgerink et al., 2001, Schneider et al., 2002). One of the classes of 
self-assembling peptides is the peptide amphiphile (PA) comprising of an oligopeptide 
functionalised with an alkyl chain. PAs can be triggered to self-assemble into high-aspect-
ratio cylindrical nanofibres via light (Lee et al., 2008a), pH (Greenfield et al., 2009, 
Hartgerink et al., 2002), ions (Stendahl et al., 2006) and enzymes (Dehsorkhi et al., 2013, 
Webber et al., 2011a). A few studies have also explored peptide designs inspired by repetitive 
silk model sequences. For example, Zhang et al has demonstrated that the coupling of an 
octapeptide, GAGAGAGY derived from the crystalline structures of  Bombyx Mori silk, to 
dodecanoic acid results in a peptide amphiphile that can self-assemble into either cylindrical 
or twisted nanofibers (Zhang et al., 2011). Another class of self-assembling peptides is the 
amphipathic peptide which has a sequence of alternating polar and nonpolar residues with a 
strong tendency to assemble into amyloid-like fibril structures (Bowerman and Nilsson, 2012). 
These self-assembling peptides described above have been shown to form hydrogels at high 
concentrations.  
 
Hydrogels are known to have a wide scope of biomedical applications ranging from tissue 
engineering to drug delivery (Sundar et al., 2013, Luo and Zhang, 2012, Stephanopoulos et 
al., 2013a, Mendes et al., 2013). For example, mechanical properties of the hydrogels can be 
tuned to control cellular behavior (Engler et al., 2006) and drug release kinetics (Mandal et 
al., 2009, Matson and Stupp, 2011). Common strategies employed to alter the mechanical 
properties of a hydrogel include varying the crosslinking density (Nichol et al., 2010) and 
combining different materials (Weng et al., 2008). In addition, mechanical properties of 
peptide-based hydrogels have also been shown to vary with other methods such as 
phospholipid inclusions (Paramonov et al., 2006b), chemical ligation (Jung et al., 2008), 
various types of crosslinking (Greenfield et al., 2009, Dagdas et al., 2011) and combination of 
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peptides (Behanna et al., 2005b, Anderson et al., 2009a). In the case of silk-mimetic 
approaches, Guo et al. was able to vary the mechanical properties of their PA gel, inspired by 
silk crystalline domains, by manipulating the concentration and pH of the solution (Guo et al., 
2013a). In another study, repeating GPGGY and GGX sequences from the non-crystalline 
domains of silk have been grafted onto RADA16-I and the resulting peptides were found to 
self-assemble into hydrogels with improved mechanical strength (Sun and Zhao, 2012). 
Nevertheless, there is limited research on short silk-mimetic peptides that incorporates both 
crystalline and non-crystalline motifs.  
 
Here, we propose a rational study of silk-mimetic peptide amphiphile (SMPA) designs that 
incorporate both the crystalline and non-crystalline motifs from spider fibroin. The SMPA 
broadly consisted of four segments; (i) an alkyl tail, (ii) a β-sheet forming region, (iii) a 
charged region and (iv) surface region (Figure 4.1). The alkyl tail was provided by the 
    
(i) (ii) (iii) (iv) 
Figure 4.1. The chemical structure of PA-3. The design of SMPAs has a similar backbone 
that consists of three segments; (i) a hydrophobic region of hexadecanoic acid, (ii) a b-sheet 
forming region inspired by the crystalline silk domains and (iii) a charged region of two 
consecutive lysine residues. Only the surface region (iv) was varied to study the role of the 
non-crystalline glycine and proline-rich regions from silk on the mechanical properties of 
the self-assembled hydrogel.   




conjugation of a dexadecanoic acid to the N-terminus of the oligopeptide. A critical length of 
six amino acid residues in the poly-alanine and poly-alanylglycine were used in the β-sheet 
forming region to provide the driving force for the elongation of SMPA into nanofibres 
during the self-assembly process (Bratzel and Buehler, 2012). The charged region is 
responsible for the pH-responsiveness of the SMPA towards self-assembly. When the strong 
electrostatic repulsion in this region is removed by changing pH or adding multivalent ions, 
SMPA is expected to self-assemble into cylindrical nanofibers (Hartgerink et al., 2002). Two 
lysine residues were introduced in the charged region to induce the nanofibre formation at 
alkaline pH. A glycine spacer is added before the charged region to reduce the disruptive 
effects of the lysine residues on the β-sheet formation.  Finally, the repetitive glycine and 
proline rich motifs of GPGGY and GPGQQ from the MaSp2 region of Nephila Clavipes 
constitute the surface region. This combination of flagelliform and dragline spider silk motifs 
within a single molecule will impart the self-assembled material with both the tensile strength 
from the crystalline domains and the improved elasticity from the amorphous domains by 
allowing deformation and viscoelastic energy dissipation. The goal of this study is to control 
the mechanical properties of the silk-mimetic hydrogel self-assembled from SMPAs. This 
was done by changing the mechanical properties of the constituting nanofibres and the 
strength of the interfibre crosslinks. The amorphous motifs were scrambled to show the 
importance of the primary sequence in influencing the mechanical properties of the hydrogel. 
The nanomorphology of the nanofibres was observed under transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM). The internal structure of the nanostructures 
was studied with circular dichorism (CD) spectroscopy and the mechanical properties of the 





4.2 Peptide characterization 
 
All SMPAs were initially tested for their self-assembling ability. Upon dissolving in water we 
found that the SMPAs give a clear solution with good fluidity at pH 4. The absence of any 
b) 
a) 
Figure 4.2. Circular dichroism spectra of PA-1 (navy), PA-2 (purple), PA-3 (red), PA-4 
(green), PA-5 (cyan), PA-6 (orange) and pA-7 (pink) at pH 4 (a) and pH 11 (b). SMPAs 
exhibit random coil structures at pH 4 and β-sheet structures at pH 11.  




hydrogel formation suggests the lack of nanofibres entanglement. To further characterize the 
secondary structure of SMPAs, CD studies were performed. SMPAs at pH 4 display signals 
with a negative peak around 195nm which is a characteristic for random coil structures 
(Figure 4.2a). At pH 11, SMPAs exhibit a shift in CD spectrum peaks from a negative at 195 
nm to a negative at 220 nm. The increase in pH resulted in the display of predominantly β-
sheet signals in the CD studies (Figure 4.2b). CD spectroscopy done in previous studies have 
shown that the presence of random coil signal rather than a strong β-sheet signal is an 
indication that PAs were assembled into micelles instead of nanofibres. Particularly, the 
peptide sequence closer to the hydrophobic alkyl tail is crucial towards the formation of the β-
sheet secondary structure responsible for the self-assembly process (Paramonov et al., 2006a). 
The two positively charged lysine residues on each SMPA would result in electrostatic 
repulsion that prevents the elongation of the nanofibre. The neutralization of the positive 
charges by deprotonation at pH 11 eliminates the repulsive forces to allow stable β-sheets to 
form along the axis of the cylindrical nanofibres (Tsonchev et al., 2007).  
 
The nanoscale morphology of the resulting nanofibres was visualized by both TEM. Despite 
difference in the primary structures, SMPA were observed at pH 11 to self-assemble into 
nanofibres around 10 nm in diameter and a few micrometers in length (Figure 4.3). It appears 
that some of the nanofibres formed bundles which could be an indication of attractive 
interfiber interactions such as hydrogen bonding. At a higher concentration, SMPA assembled 
into self-supporting hydrogels that were examined under SEM. The SMPA gels were 
critically dried to maintain the nanofibre network and the resulting images revealed 
interwoven nanofibres in a three-dimensional porous network. These networks appear to 
comprise primarily of single nanofibres interconnected to some thicker strands of fibre 
bundles (Figure 4.4). Although the nanofibres appeared to be locally stiff, the nanofibres are 
unlikely to be absolute rigid rods since the nanofibres are high-aspect ratio structures.  




Figure 4.3. (a-g) TEM images of PA-1 to PA-7. Scale bar = 200nm. Bundling of nanofibres 












were observed in SEM images. They are more appropriately modelled as semi-flexible rods 
(Greenfield et al., 2009). 
 
4.3 Effect of crystalline domain in PA design 
 
The dynamic rheological properties of SMPA hydrogels were investigated through strain 
sweep test and frequency sweep test. The storage modulus (G’) was observed to be greater 
than the loss modulus (G”) over the entire angular frequency range for all SMPA hydrogel, 
implying that they were behaving as elastic solids (Figure S4.1). Unlike viscous liquids, the 
hydrogel recovers a large part of the energy of deformation in the elastic stretching of the 
chemical bonds rather than losing them as heat in viscous sliding (Stendahl et al., 2006). 
Furthermore, SMPA hydrogels bear characteristics of a cross-linked network as their G’ and 
G” showed no intersection over the frequency sweep range (Greenfield et al., 2009).  
 
The first rheological study was performed to investigate the difference in mechanical 
properties between hydrogels formed by PA-1 and PA-2. Both SMPAs used crystalline 
domains from Nephila Clavipes in the β-sheet forming region. PA-1 was designed with the 
poly-alanylglycine sequence while PA-2 consists of the poly-alanine sequence. Although the 
crystalline silk domains were linked to silk’s renowned tensile strength, no tensile 
examination was performed on PA-1 or PA-2. Nevertheless, since the terminal amino acid 
expressed on the surface of the nanofibres of PA-2 and PA-1 are the same, the density and 
strength of the crosslinks within the hydrogels should be relatively similar. Surprisingly, the 
G’ value of PA-1 gel was around 50% higher than PA-2 gel (Figure 4.5a). Differences 
between mechanical properties of hydrogels formed from PA-1 and PA-2 would likely arise 
from differences in properties of constituting nanofibres. Previous studies have shown that the 
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β-sheet within the core of self-assembled peptide amphiphile nanofibres are twisted and 
parallel (Jiang et al., 2007). Poly-alanine sequences are known to form stronger β-sheets than 
poly-alanylglycine in nature due to the hydrophobic interactions  
 
Figure 4.4 (a-g) SEM images of critically-dried hydrogels of PA-1 to PA-7. Scale bar = 
200nm. Bundling of nanofibres due to favourable inter-fiber interactions are pointed out by 












between interlocking methyl side chain groups that prevents water from entering the voids 
otherwise created by the alternating glycine residue (Lewis, 2006, Dicko et al., 2006). 
However, the twisting of the β-sheet could distort the secondary structure and result in the 
decrease in stiffness in the nanofibers (Pashuck et al., 2010a). PA-2 shows a greater red-
shifting in the β-sheet signal of 2.75 nm compared to the 0.5 nm in PA-1 (Figure 4.2). The 
additional flexibility offered by the alternating glycine residue in PA-1 could have facilitated 
the formation of hydrogen bonding within the twisted β-sheet conformation and resulted in 
stronger nanofibres.  
 
4.4 Effect of non-crystalline GPGGY domain in PA design 
 
The effect of having an additional amorphous region GPGGY on the mechanical properties of 
the self-assembled hydrogel was assessed next in the rheological studies. The G’ value PA-3 
gel was around 10 kPa and was almost three times higher than the G’ value of PA-1 gel and 
hydrogels of regenerated silk (~1 kPa) (Nagarkar et al., 2010, Gong et al., 2010). The limiting 
strain amplitude γL of PA-3 gel was estimated to be 11% from the strain sweep curves and 
was almost twice that of PA-1 gel. The difference in the mechanical properties between PA-3 
and PA-1 gels could be attributed to the additional non-crystalline GPGGY sequence in the 
surface region.  
 
Given the same β-sheet forming region in PA-1 and PA-3, the individual stiffness of the 
nanofibres is expected to be comparable. However, the bundling of nanofibres in PA-3 was 
more commonly observed in both TEM and SEM images (Figure 4.3c and 4.4c). The strength 
of the interfibre bonding would affect the spring bending constant of the bundle and thus 
affecting the overall stiffness of the hydrogel (Dagdas et al., 2011). This suggest that the 
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GPGGY sequence in PA-3 improves the overall stiffness of the nanofibre bundles by 
increasing the non-covalent interfibre interactions between parallel nanofibres compared to 
the hydrogen bonding offered by the deprotonated lysine residue on the terminals of PA-1. 
The β-turns secondary structure adopted by GPGGY in PA-3 can also act as nanosprings 
within the gel as the presence of proline residue provides focal points for retraction energy 
after stretching and the tyrosine residue three positions away possess a hydroxyl group for 
intra- and interfibre hydrogen bonding. This would result in the strengthening of both 
individual fibres and the crosslinks between fibres, leading to improved mechanical properties 
of the PA-3 gel.  
 
Scrambled sequences of the GPGGY motif were designed to investigate the role of the β-turn 
structure in controlling the mechanical properties of the hydrogel via rheological studies. PA-
4 consists of the scrambled GPGGY motif in the surface region in the sequence of YPGGG to 
test the importance of having two glycine residues between proline and tyrosine while 
avoiding the general GPGXX motif found in spider silk (Hu et al., 2006). Interestingly, the G’ 
value of PA-4 gel was about 0.2 kPa, much lower than PA-1 gel. CD analysis revealed the 
Figure 4.5. Storage moduli of SMPAs hydrogel (7.5mM) at angular frequency 10 rad/s. 





























loss of β-turn structure assumed by GPGGY in PA-4 (Table 4.1). A decrease in β-sheet 
formation and a huge increase in alpha-helical structure in PA-4 compared to PA-1 were also 
observed. This might be due to the high propensity of glycine and proline to form alpha helix 
in nature (Pace and Scholtz, 1998). The drop in β-sheet structures correspond to TEM images 
which showed the reduction in length of PA-4 nanofibres with some structures as short as 100 
nm. This could be due to the proximity of the proline and tyrosine residues to the core of the 
nanofibre that produced steric hindrance capable of reducing the packing efficiency of SMPA 
in a cylindrical fashion. Studies have shown the importance of the amino acids closer to the 
core in the self-assembly of nanofibres in β-sheet formation (Paramonov et al., 2006a).  
 
To circumvent this constraint, we designed the scrambled sequence of GPGGY in PA-5 with 
proline and tyrosine closer towards the surface of the nanofibre. Given the conical shape of 
SMPA and radial fashion of PA packing within the nanofibre, these two residues would have 
lesser disruptive effect on the β-sheet formation. Rheometry was carried out on PA-5 gel and 
its G’ value found to be almost 20 times greater than PA-4 gel (Figure 4.5). CD analysis and 
TEM images supported the design as the amount of β-sheet structures in PA-5 is comparable 
Table 4.1. Estimated secondary structure percentages of SMPAs through analysis of CD 
spectrum via CONTINLL algorithm, protein database reference set 3, on Dicroweb.   
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to PA-3 (Table 4.1) and micrometers-long nanofibres similar to those in PA-1 were observed 
for PA-5 (Figure 4.3e). The entanglement of these longer nanofibres compared to PA-4 could 
explain the G’ value being nearer in magnitude to PA-1 gels. In addition, the higher G’ value 
of PA-5 compared to PA-1 could be attributed to the improvement in the stiffness of the 
individual nanofibres rather than interfibre interactions given the absence of fibre bundles 
commonly seen in PA-3 (Figure 4.3e). Despite having the same tyrosine residue on the 
surface of the nanofibre, the G’ value of PA-3 gel was at least twice greater than PA-5 gel, 
implying the importance of the β-turn structure of GPGGY in improving the mechanical 
properties of the PA gels (Figure 4.5).  
 
4.5 Effect of non-crystalline GPGQQ domain in PA design 
 
Another amorphous motif from Nephila Clavipes silk fibroin, GPGQQ, was assessed for its 
effect on self-assembled hydrogel. PA-6 has the sequence GPGQQ designed in the surface 
region of the SMPA and is built upon the backbone of PA-1. Rheological studies showed that 
PA-6 exhibited the greatest gelation properties among all SMPA gels at around 13 kPa 
(Figure 4.5). The enhanced mechanical properties of PA-6 gel over PA-1 gel bears 
resemblance to the behaviour of PA-3 gel and was expected given the similarity between 
GPGGY and GPGQQ motifs in MaSp2 of Nephila Clavipes. The improvement might also be 
attributed to the increase in non-covalent interactions between nanofibres manifested in the 
observation of bundling in TEM and SEM images (Figure 4.3f and 4.4f). CD analysis 
revealed a comparable fraction of β-turns structure in PA-6 relative to PA-3, suggesting 
involvement of the non-crystalline motifs in improving the elasticity of the hydrogel. 
However, despite the similarities in structure and function with GPGGY sequence in natural 
silk, G’ of PA-6 gel was almost 30 % higher than PA-3 gel. This could be explained by the 




strengthening of individual PA-6 nanofibres through the increase in fraction of β-sheet 
structures relative to PA-3 (Table 4.1).   
 
A scrambled sequence of GPGQQ was designed in PA-7 to assess the importance of the 
positioning of the proline residue in its influence of gel mechanics. PA-7 consists of the 
sequence QQPGG in the surface region and the proline residue is one position further away 
from the core compared to the scrambled GPGGY in PA-4. Rheological measurements of 
PA-7 gel determined a G’ value almost three times greater than the G’ of PA-4 gel (Figure 
4.5). The positioning of proline further away from the core would have a smaller extent of 
disruptive effect on the β-sheet formation and the resulting PA-7 nanofibres did not suffer as 
much reduction in length (Figure 4.3g). Nevertheless the presence of shorter fibres reduces 
the entanglement within the network and thus resulted in significantly lower G’ compared to 
PA-1 gel. Furthermore, the absence of bundling in PA-7 nanofibres implied the decrease in 
crosslinks throughout the gel. This corresponds with a loss in the fraction of β-turn structures 
within PA-7 nanofibres (Table 4.1) and provides greater evidence towards the role of the 
amorphous motifs in improving the mechanical strength of the hydrogel.   
 
A composite approach was proposed a means of modulating the gel mechanics given the 
ability of the amorphous motifs to increase interfibre crosslinks. Equal proportions of PA-1 
and PA-6 were mixed at pH 4 and induced to form a composite SMPA gel by raising the pH 
of the mixture. The PA-1/PA-6 gel was shown to have an improved G’ value of almost 2 
times greater than PA-1 gel and only about half that of PA-6 gel (Figure 4.5). The adjustment 
of molar ratio between SMPA of crystalline and non-crystalline motifs could be a composite 
approach towards the tuning of mechanical properties in a silk-mimetic hydrogel for drug 






In conclusion, we have designed short SMPAs capable of self-assembly into nanofibre 
hydrogels of different elasticity. The mechanical properties of a self-assembled hydrogel 
hinge greatly on the primary sequence of the constituting peptide amphiphiles and can be 
changed by careful selection of crystalline and amorphous motifs from spider silks. 
Macroscopic and nanoscopic characterisation suggest that the amorphous sequences of 
GPGGY and GPGQQ in PA-3 and PA-6 improved the mechanical strength of the resulting 
hydrogel possibly through increasing of inter-fibre interactions. The composite PA-1 and PA-
6 gel also suggest a possible strategy to tune the mechanical properties in silk-mimetic 
hydrogel in future studies. Dragline silk manufactured by the major ampullate spidroin 
MaSp1 and MaSp2 is well known for its combination of high tensile strength and elasticity. 
The tensile strength is often attributed to the crystalline motifs while the elasticity of silk 
linked to the non-crystalline motifs. The combination of these properties is highly sought after 
in designing a silk-mimetic material. The molecular design of PA described in this Chapter 
offers an alternative strategy, to genetic engineering, for the combination of the mechanical 
properties found in natural silk. Bio-inspired silk mimetic sequences have proven useful in 
programming nanostructural features into self-assembling PA.  
 
4.7 Experimental section  
 
Materials 
All peptides were purchased from Biopeptek Inc. (Malvern, PA) with a purity of >95%. The 
peptides were synthesized using a standard Fmoc solid phase peptide synthesis according to 




the literature with amide modification at the C-terminus.(Mata et al., 2012) HPLC and 
MALDI were used to characterize the synthesized peptides.  All chemicals and solvents were 
purchased from Sigma-Alrich (St. Louis, MO) unless otherwise mentioned.  
 
Preparation of SMPA Hydrogels 
Lyophilized PAs were dissolved in small amounts of hexafluoro-2-propanol (HFIP) and dried 
over filtered nitrogen gas until a thin layer of PA is formed. Ultrapure water (18.2 MΩ, Milli-
Q A10) was added and the solution adjusted to pH 4 with HCl. The PA solution was 
sonicated for 1 h at a temperature of 70 °C to ensure complete dissolution of the PA. All 
SMPA solutions were prepared at 7.5 mM for FESEM characterisation and rheological 
studies. The SMPA solutions were also diluted to 0.75 mM for TEM observations and 0.15 
mM for CD studies. The self-assembly of the PA into nanofibres and hydrogel was triggered 
by increasing the pH of the SMPA solutions by allowing ammonia gas to diffuse through the 
solution within a sealed chamber. The pH of the solution was monitored with a small-volume 
probe pH meter (Fisher Scientific FSAB15A).  
Circular Dichorism (CD) 
Circular dichorism measurements were carried out using a JASCO J-810 CD instrument to 
determine the secondary structures characteristic of the self-assembled nanofibres. 
Wavelength scans were taken of the PAs in water at pH 4 and pH 11 at 0.5 nm intervals 
between 250 nm and 185 nm. The data were acquired at room temperature and averaged over 
5 acquisition cycles. All the PAs were measured at a concentration of 0.15 mM with a 0.1 cm 
path length quartz cuvette. The spectra for all samples were corrected by subtracting water 
baseline and the data expressed as the mean residue of ellipticity. Data deconvolution for the 
prediction of secondary structure was performed in DichroWeb server using the CONTINLL 
algorithm with protein data reference set RDB3 (Whitmore and Wallace, 2008). The amount 
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of red-shifting was an average of the difference between the CD spectra peak from the 
canonical maximum and minimum of 195 nm and 216 nm.  
Transmission Electron Microscopy (TEM) 
Diluted PA solutions of concentration 0.75 mM at pH 11 were used for all TEM sample 
preparation. 6 µl of each solution was dropped unto a carbon-coated FORMVAR copper grid 
(200 mesh) and allowed to incubate for 10 min. Excess fluid was removed using filter paper 
to produce a thin film of the sample. The samples were stained with 1 wt% phosphotungstic 
acid for 1 min before they were air-dried for 3 h. The grids were stored at 35% humidity level 
until observation using a TECNAI T12 electron microscope with 120 kV operating voltage.   
 
Field Emission Scanning Electron Microscopy (FESEM) 
6 µl of freshly prepared PA solutions of concentration 7.5 mM at pH 4 were dropped onto 
cleaved mica surfaces stuck to SEM stubs via carbon tapes. The stubs were transferred to a 
sealed container with open vials of aqueous ammonia for 30 min to induce the raise in pH via 
gaseous ammonia. The hydrogel formed through the gas induction was dried at critical point 
using a Tousimis Autosamdri-815 instrument and coated with platinum before observing it 
under a JEOL JSM-740 instrument.  
Dynamic Light Scattering  and Zeta Potential  
The zeta potentials and average z-diameters of the PA aggregates were measured using a 
Zetasizer Nano ZS (Malvern Instruments, Malvern UK) with suitable viscosity and refractive 
index at 25 ˚C. Size measurements were obtained using small volume disposable micro 
cuvettes (ZEN 0040) and zeta potentials measurements were obtained using disposable folded 
capillary cells (DTS 1061). The values reported correspond to the mean of z-average and zeta 
potential values taken from replicates.  





The mechanical properties of all SMPA gels were characterised by AR-G2 rheometer (TA 
Instruments, UK) operating with a 20 mm parallel plate at a 50 µm gap distance. Each gel 
sample had a total volume of 30 µL and was placed on the lower plate with wet tissues placed 
around the gels within a chamber to minimised evaporation. No homogenization of the gel 
was performed after ammonia gas was allowed to diffuse through the gel. The stage 
temperature was maintained at 25 ˚C throughout the measurement. Strain sweep experiment 
was performed A strain sweep was conducted from 0.01 % to 100 % at 10 rad/s to establish 
the transition from linear to non-linear visco-elastic behaviour. The storage modulus (G’) and 
loss modulus (G”) were evaluated over a wide angular frequency range (0.1 – 100 rad/s) 

























Objective threee: Rational design of complementary ionic sequences to promote lateral 
assembly of PA nanofibres to give hierarchical structures in the form of fibre bundled. To 
recreate favourable attractive interaction seen in Chapter 4, complementary ionic sequences 
were synthetically designed and programmed into PA.  The results from this work have been 
accepted to Macromolecules under the title “pH-controlled Hierarchical Self-Assembly of 
Peptide Amphiphiles”. 







The hierarchical self-assembly of collagen molecules into triple helices, fibrils and fibre 
bundles is an inspiration for the preparation of higher-ordered nanostructures using 
biomolecules. The self-assembly process represents a spontaneous organisation of 
supramolecular building blocks in a bottom-up nanofabrication of multi-dimensional and 
multiscale structures (Groschel et al., 2013, Srivastava and Kotov, 2009, Mendes et al., 2013). 
Complex self-assembly process with hierarchy levels have been realised in different systems 
such as stackable nanotoroids that forms tubular and superhelical nanostructures (Yagai et al., 
2012) as well as titanate nanotubes laced with amylose to form nanofibres that align to 
assemble laterally and longitudinally into hexagonal crystal domains (Liu et al., 2012b). 
Diphenylalanine is one of the simplest small-molecular weight building blocks. It is derived 
from Alzheimer’s beta-amyloid polypeptide and has shown capabilities of template-free 
assembly into hexagonal peptide microtubes under thermal annealing (Yan et al., 2011) or 
under the influence of a dipolar electric field (Wang et al., 2011).  
 
Amphiphilic peptide building blocks have been designed to spontaneously aggregate to form 
a variety of supramolecular self-assembled nanostructures such as nanotapes (Tao et al., 
2011b, Moyer et al., 2013, Cui et al., 2009b), nanoribbons (Zubarev et al., 2006, Moyer et al., 
2013, Pashuck and Stupp, 2010b, Aggeli et al., 2001a) and nanofibres (Santoso et al., 2002, 
Silva et al., 2004, Hartgerink et al., 2001, Caplan et al., 2002, Schneider et al., 2002). Peptide 
Amphiphile (PA) is an oligopeptide functionalised with alkyl chains was shown to be able to 
self-assemble into high-aspect-ratio cylindrical nanofibres upon triggering via light (Lee et al., 
2008b), pH (Greenfield et al., 2010, Hartgerink et al., 2002), ions (Stendahl et al., 2006) and 
enzymes (Dehsorkhi et al., 2013, Webber et al., 2011a). Such self-assembly process was 
found to be driven by formation of parallel β-sheets along the axis of the nanofibres (Pashuck 




et al., 2010b). This highlights the importance of various non-covalent interactions for a self-
assembly process. 
 
The realisation of hierarchical self-assembly hinges on a rational control of different non-
covalent interactions that can promote binding or create attractive forces along the axis of the 
one-dimensional nanostructures. Several studies observed hierarchical self-assembly of PA in 
response to the change in the pH of the medium. Guo et al investigated a PA based on silk 
fibroin that self-assembles into well dispersed nanofibres. It was found that at pH 8, the fibres 
were able to aggregate in a parallel fashion with each other to form bundles. The aggregation 
was thought to be driven by hydrogen bonding between surface phenolic hydroxyl groups 
(Guo et al., 2013b). Similarly, Cui et al. has demonstrated the assembly of PA into twisted 
nanoribbons at low concentration. These nanoribbons laterally assemble via a combination of 
the hydrophobic collapse of the alkyl tails and hydrogen bonding between glutamate side 
chains at low pH into giant nanobelts (Cui et al., 2009b). In another study, Goldberger et al. 
introduced a PA design strategy that displays a hydrophobic epitope on the surface of self-
assembled nanofibres which aids in the interlocking of neighbouring fibres to form thicker 
fibre bundles (Goldberger et al., 2011). The suppression of such bundling could be facilitated 
by electrostatic repulsion between charged sequences in the PA. Although studies have shown 
bundling of PA nanofibres, there has not been any systematic investigation on PA designs that 
direct lateral assemblies of one-dimensional nanostructures into higher order constructs. A 
flexible self-assembly system would provide a new toolbox in the formation of more complex 
nanostructures with great potential in molecular electronics (Liu et al., 2010, Djalali et al., 
2002, Tevis et al., 2012, Faramarzi et al., 2012, Sone and Stupp, 2004, Schenning and Meijer, 
2005), biochemical sensors (Yasui et al., 2013, Domigan, 2013), drug delivery (Wu et al., 
2012, Webber et al., 2012, Matson et al., 2012a, Lu et al., 2012, Li et al., 2012, Sadatmousavi 
et al., 2011, Jeong et al., 2011) and tissue engineering (Maude et al., 2013, Loo et al., 2012, 




Figure 5.1. Chemical structure of PA-1 and the sequence of PA-1 to PA-6. The design of PAs 
has a similar backbone that consists of three segments, a hydrophobic region of hexadecanoic 
acid, a β-sheet forming region of four consecutive alanine residues and a charged region of 
four consecutive lysine residues. Only the surface region varies to study the role of 
complementary interactions in the lateral assembly of nanofibres. 
 
Typically, PA consists of four segments; (i) a hydrophobic alkyl tail, (ii) a β-sheet forming 
region, (iii) a charged region and (iv) a surface region (Figure 5.1a). It has been reported that 
a force balance between the hydrophobic collapse of the alkyl tail and the electrostatic 
repulsive charges arising from the charged region results in the self-assembly of PA 
molecules into nanomicelles (Hartgerink et al., 2002). In our PA design, we have selected 
hexadecanoic acid as the alkyl tail and a poly-alanine sequence from spider fibroin in the β-
sheet forming region (Bratzel and Buehler, 2012). We also inserted four lysine residues in the 
charged region to ensure the self-assembly of PAs into micelles under acidic conditions. At 
higher pH, the screening of the repulsive forces on charged residues immediately adjacent to 
the β-sheet region is expected to allow the formation of parallel β-sheet that elongates the 
micelles into cylindrical nanofibres. Moreover, it was reported that a minimum of four 
charged residues in the charged region will minimize interdigitation due to unintended 
















We observed in Chapter 4 that favourable interaction between the amorphous domains in the 
surface region of peptide amphiphiles resulted in hydrogels with stronger mechanical 
properties. To offer better control over the inter-fiber interaction, we have chosen employ 
electrostatic forces through charged residues rather than non-covalent interactions via 
complicated secondary structures. Here, we hypothesize that a complementarily attracting 
designer sequence at the surface region will promote lateral assembly of nanofibres into 
higher order structures. We represent this segment with an alternating arginine and aspartic 
acid sequence in the surface region of the PA. At pH below the pKa of arginine, this sequence 
should present an alternating pattern of positive and negative charges on the surface of the 
nanofibre. This might possibly provide attractive interactions between interdigitating PA 
molecules of neighbouring nanofibres and promote the process of lateral assembly (Sayar and 
Stupp, 2005). The choice of lysine and arginine residues in the PA design allowed us to 
selectively screen the charges of lysine residues at a pH between the pKa values of the two 
amino acids, thus isolating intrafibre interactions that elongate the nanostructure and 
interfibre interactions that promote lateral association of aligned nanofibres. Furthermore, the 




Figure 5.2. (a-c) TEM images of PA-1, PA-2 and PA-3 at pH 13 with scale bars 
representing 200 nm. Nanofibres self-assembled from the PAs are well-dispersed and does 
not show any signs of aggregation. (d) Histogram of average bundle width of PA-1, PA-2 
and PA-3 at pH13. n > 120.   
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neutralization of the side groups by proximity and thus allowing the interdigitation of surface 
region sequences when nanofibres align themselves in a supramolecular lateral self-assembly. 
Alanine was chosen over the conventional glycine as the spacer residue to reduce the 
flexibility and helical propensity of the surface region to promote interdigitation (Maeda et al., 
2013). 
5.2 Peptide design 
 
To investigate the role of such complementarily attracting sequence in lateral assembly, we 
designed a series of PA with varying length of the alternating arginine and aspartic acid 
sequence. PA-1, PA-2 and PA-3 have the same peptide amphiphilic backbone but differ in the 
number of repeats of RADA sequence in the surface region (Figure 5.1). These PAs are 
expected to self-assemble hierarchically to micelles, nanofibres and bundles. Upon 
dissolution of the PAs, we observed the micelle formation through dynamic light scattering 
(DLS) measurements, circular dichroism (CD) spectroscopy and transmission electron 
microscopy (TEM). At pH below that of the pka of aspartic acid, DLS measurements suggest 
the self-assembly of the PA into micelles in solution given their small hydrodynamic radius 
(Table 5.1).  This corresponds to the small spherical structures observed in TEM (Figure 
S5.1). The CD spectrums of these PAs displayed predominantly random coil signals (Figure 
S5.2) and is indicative of the micelle formation according to previous studies (Stendahl et al., 
2006). The amphiphilic nature of the PAs is likely the driving force of the self-assembly 
while the electrostatic repulsion between the lysine residues in the charged region prevented 
the elongation of the nanostructure. We thus establish the ability of the first pH switch at 
around pH 4 to trigger the self-assembly of the PAs into micelle upon dissolution.  
 
The second pH control was designed to be triggered by raising the pH of the medium above 
the pka of both lysine and arginine. Here, the charges on lysine side chains were neutralized 
and allowed formation of nanofibres. The elongation of the micelles into nanofibres was 




observable in the significant change in hydrodynamic radius of the nanostructures from DLS 
measurements (Table 5.1). The z-average sizes at pH 13 were similar for all PAs and were 
representative of the hydrodynamic radius of the nanofibres formed. Although the DLS 
measurements assume a spherical model, the increase in hydrodynamic radius gives us an 
indication of the larger size of the nanostructures within the solution. All PAs exhibit 
characteristic β-sheet signals in their CD spectra with a positive peak around 195 nm and a 
negative peak around 215 nm (Figure S5.2). The hydrogen bond arrangements arising from 
the formation of parallel β-sheets along the axis of the nanofibres has been shown to be the 
driving force of the elongation of the micelles into nanofibres (Paramonov et al., 2006c, 
Pashuck et al., 2010b). More importantly, long nanofibres were observed from TEM images. 
The nanofibres appeared to be randomly distributed single fibres that do not show any 
aggregation or lateral assembly (Figure 5.2). Taken together, the second pH switch at pH 13 
could successfully trigger the self-assembly of PA micelles into PA nanofibres. 
Table 5.1. Z-average size and zeta potential values of PAs at various pH obtained 
from DLS measurements. Concentration of PAs used was 0.25mM.    
PA pH Zeta Potential (mV) 
Zeta Potential 




4 12.10 0.781 577.0 102.5 
11 0.08 0.968 5245.0 755.3 
13 -16.2 0.681 2128.0 208.8 
PA-2 
4 34.00 0.503 523.0 48.5 
11 -0.16 0.506 10470.0 985.8 
13 -31.60 0.907 2107.0 47.3 
PA-3 
4 44.60 3.54 690.8 233.9 
11 0.10 0.221 22510.0 5785.0 
13 -44.40 0.551 2567.0 348.5 
PA-4 
4 33.1 0.700 332.4 30.3 
11 -6.94 0.447 3426.0 1280.0 




4 27.70 1.18 639.6 68.6 
11 -1.52 1.37 12630.0 1946.0 
13 -37.20 1.25 2354.0 374.1 
PA-6 
4 29.1 3.72 363.4 15.1 
11 -8.79 1.29 13250.0 2070.0 
13 -34.50 0.56 4326.0 229.4 
 
The pka values of the side groups of lysine and arginine are 10.67 and 12.1 respectively. At 
pH 13, both the side groups of lysine and arginine are expected to be deprotonated, leaving 
aspartic acid as the only charged residue in the surface region. The negative zeta potential 
measurements of these PAs at pH 13 (Table 5.1) confirmed the presence of negatively 
charged residues on the nanofibre surfaces. Consequently, the repulsive forces between 
negatively charged aspartic acid residues on the surface of the nanofibres could discourage 
any lateral assembly between nanofibres. Similar observations from literature where 
electrostatic repulsion between deprotonated carboxylate groups on glutamate side chains 
resulted in the dissociation of giant nanobelt (Goldberger et al., 2011). In another study, 
deprotonated phenol groups on tyrosine side chains give rise to similar electrostatic repulsion 
that resulted in well-dispersed nanofibres rather than parallel aggregates(Guo et al., 2013b).  
 
The third pH switch was designed at the pH where the aspartic acid and lysine residues are 
deprotonated while the arginine residues remain protonated. This should produce an 
alternating positive and negative charge sequence in the surface region that is 
complementarily attractive to neighbouring nanofibres and thus promotes their lateral 
assembly. The PA solutions at pH 11 appeared to have an increase in opacity due to light 
scattering from larger aggregates formed (Figure S5.3). To investigate the aggregation of the 
nanofibres, DLS measurements of the PAs were taken at pH 11. A spike in z-average sizes for 
all the PAs was indeed measured at pH 11 and this could indicate an aggregation of 
nanofibres within the solution (Table 5.1). The particles measured were at least 2 – 10 times 




larger at pH 11 than at pH 13 and there was also an increase in the change in z-average from 
pH 13 to pH 11 from PA-1 to PA-3 (Figure S5.4). This could be due to the aggregating of the 
nanofibres into bundles and that the bundling effect increases with the lengthening of the 
alternating arginine and aspartic acid sequence. The higher the numerical value of Z-average, 
the larger the particle’s hydrodynamic size in the sample. Although DLS measurements 
assume a spherical particle, the z-average provided a qualitative reflection of the overall size 
of the nanostructures in the solution. Care should therefore be taken against drawing any 
proportional relationship between Z-average to the actual particle size, or in this case, the 
width of the fibre bundles. To more accurately measure the bundling of nanofibres, 
observations were made in TEM images (Figure 5.3). Correspondingly, the bundling of the 
nanofibres was seemed to be increasing in extent from PA-1 to PA-3 and was evident in the 
greater bundle widths. The observation of the aggregation in the PAs and the larger bundles 
formed for longer complementarily charged sequence would suggest that the designed 
electrostatic attraction between the surface regions could be important in the lateral assembly 
of nanofibres. 
 
5.3 Mechanism of nanofibre lateral assembly 
 
To elucidate the mechanism behind the bundling of the nanofibres, multivalent ions were 
added to PA-2 at pH 11 to disrupt the electrostatic attractions between the complementarily 
charged sequences. Well-dispersed nanofibres were observed in TEM images and the lack of 
nanofibres bundling suggests that the screening of charges on arginine and aspartic acid could 
disrupt the lateral assembly of the nanofibres (Figure 5.3). To further test the mechanism, PA-
4 was synthesized with a scrambled surface region where the charged residues are rearranged 
from a complementary attractive (+ - + -) at pH 11 to a complementary repulsive (+ - - +) 
sequence. This would discourage any lateral assembly of the peptide nanofibres despite the 
presence of positive and negative charges on the RAADDAAR sequence in the surface region. 




PA-1 to PA-3 and also a similar z-average size of PA-4 at pH 11 and pH 13. Well-dispersed 
nanofibres that showed little lateral assembly at both pH 11 and pH 13 were also seen in TEM 
images (Figure 5.4). The absence of apparent nanofibre bundling at pH 11 upon the addition 
of multivalent ions and the scrambling of the sequence in the surface region of PA-2 validate 
the importance of the alternating arginine and aspartic acid sequence in promoting lateral 
assembly of nanofibres. 
  
  
Figure 5.3. (a-c) TEM images of PA-1, PA-2 and PA-3 at pH 11. Nanofibres appear to 
aggregate in parallel fashion into network of bundles. Inset of b) is PA-2 at pH 11 with 
150 mM of MgSO4. Nanofibres appear to be well-dispersed without the bundling effect 
seen without the salt addition. Scale bar = 200 nm. (d-f) Histogram of average bundle 



































































We further designed PA-5 to investigate the necessity of the alternating design on the surface 
region. The surface region for PA-2 was rearranged in PA-5 to RARADADA to retain 
complementary attractiveness with neighbouring nanofibres (+ + - -) while shifting away 
from the alternating (+ - + -) design. The characterization of PA-5 yield results similar to PA-
2 at pH 11 and 13. DLS measurements showed a larger z-average at pH 11 than pH 13 (Table 
5.1) and bundling of the nanofibres were also only observed at pH 11 under TEM imaging 
(Figure 5.4). The results suggest that lateral assembly occurs when the complementary 
interactions are retained despite having a differently arranged surface region in PA-5 












































Figure 5.4. (a, b) TEM images of PA-4 at pH 11 and pH 13 respectively. Nanofibres 
appear to be well-dispersed without the bundling effect seen in PA-2. Scale bar = 200 nm. 
c) Histogram of average bundle width of PA-4 at pH 11. n > 120. (e, f) TEM images of 
PA-5 at pH 11 and pH 13 respectively. Nanofibres show similar bundling effect as PA-2 at 
pH 11. Scale bar = 200 nm. f) Histogram of average bundle width of PA-5 at pH 11. n > 
120.   
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5.4 Fibronectin mimetic derivatives of RADA sequence   
 
In addition, we wished to determine if the bundling effect would take place if the spacer 
amino acids in the surface region were substituted. Based on the findings above, we further 
synthesized PA-6, a PA bearing the fibronectin-mimetic sequences of RGDS, and designed it 
to be similar to PA-2 with two repeats of RGDS at the surface region. This cell-binding 
sequence bears similarities to the RADA tandem repeats used in the surface region and thus 
could be expected to be manipulated with the same pH triggers. CD studies identify the 
presence of β-sheet signals for PA-6 at both pH 11 and pH 13 and DLS measurements 
showed a similar size trend to PA-2 (Table 5.1). TEM images confirmed the self-assembly of 
PA-6 to well-dispersed nanofibres at pH 13 and a further lateral assembly into bundles at pH 
11 (Figure 5.5). The substitution of the spacer residues at the surface region of PA-2 did not 
appear to have any disruptive effects on the nanofibre bundling of PA-6.  
 
Figure 5.5. (a, b) TEM images of PA-6 at pH 11 and pH 13 respectively.  Nanofibres 
show similar lateral assembly at pH 11 and repulsion into dispersed single fibres at pH 13 
as PA-2. Scale bar = 200 nm. c) FESEM image of critically dried PA-6 hydrogel. 
Nanofibres are assembled laterally into a network of bundles with large pores. Scale bar = 
1 µm. d) Cryo-TEM image of PA-6 at pH 11. Bundling effect of nanofibres due to 









In the above experiments, the aggregation of PAs at pH 11 appeared to be in a network of 
bundles, rather than a general collapse into a large globular structure, is a characteristic that 
hints of strong interaction between stiff nanofibres (Sayar and Stupp, 2005). The strong 
interaction would likely be provided by the electrostatic attraction between the designed 
sequences in the surface region of the PA. Neighbouring nanofibres aggregate in a parallel 
fashion as the PA molecules interdigitate and stabilize the bundles through the said attractive 
forces. These interactions do not exist when the alternating charges are changed from 
attractive interaction to repulsive interaction between interdigitating PA molecules. This was 
proven by the absence of nanofibre bundles when the positive charges in the surface region 
were removed by the deprotonation of arginine residues for all PAs at pH 13. Similar 
observation was found when the complementary alternating-charge sequence was rearranged 
in PA-4 to give repulsive interactions between aggregating nanofibres (Figure 5.6). We 
therefore postulate that the bundling of the nanofibres is due to attractive electrostatic 
interactions between complementary sequences designed in the surface region of the PA 
molecules.  
 
Besides complementary sequences at the surface region, other factors such as ageing, high PA 
concentration and drying effects during TEM sample preparation could contribute to the 
unspecific aggregation of the nanofibres. However, the PAs were dissolved to the same 
concentration of 0.75 mM and aged for 8 hours before staining for TEM observation. 
Aggregation due to drying effects from TEM preparation should affect all the three PAs 
similarly and thus could not adequately explain the bundling of the nanofibres at pH 11 rather 
than pH 13. Moreover, a higher concentration of PA-6 solution at 7.5 mM formed a hydrogel 
at pH 11 as the self-assembled nanofibres entangled into a network. The PA-6 gel was dried 
at critical point and visualized under field emission scanning electron microscope (FESEM) 
to reveal the network of fibre bundles that are consistent with prior observations (Figure 5.5c). 
In addition, cryo-TEM was performed to confirm the formation of fibre bundles in vitrified 
samples at pH 11. Samples for cryo-TEM were prepared by rapidly plunge freezing the 
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specimen into liquid ethane and liquid nitrogen to eliminate any artifacts due to drying or 
staining agents used in TEM, allowing the visualization of any bundling effect in the native 
structures of the PAs (Newcomb et al., 2012). The nanofibres were observed to align 
themselves in parallel aggregates to form fibre bundles that resemble those observed under 




In summary, we have designed a pH-responsive PA system that is capable of hierarchical 
self-assembly into micelles, nanofibres and bundled nanofibres. The lateral assembly of 
nanofibres can be controlled by clever designs of complementary electrostatic attraction using 
oppositely charged amino acids pairing such as arginine and aspartic acid. Higher orders of 
hierarchical assembly with greater precision could result from further studies on higher 
specificity in the sequence design in the surface region. In addition, the principles behind the 
PA design for lateral assembly can be adapted for use even at physiological pH 7.4. One 
suggestion is to replace the lysine residues in the charged region with other types of trigger 
sequences such as enzymatic sequences or light-trigger sequences. The alternating arginine 
and aspartic acid pattern in the surface region continues to provide complementarily attractive 
interactions at pH 7.4. The controllable multi-scale assembly presented here provides a new 
perspective toward the fabrication of novel nanostructures across different length scales. 
Synthetically, this chapter showed that favourable interactions between nanofibers could be 
designed and engineered into a PA system. Future work can also concentrate on even more 
sophisticated complementary interaction to increase specificity of binding.  





Figure 5.6. Schematic diagram of lateral assembly of self-assembled nanofibres due to 
interactions between the surface region of interdigitating PA molecules from neighbouring 
nanofibres. Charged residues arranged in a complementary-attractive fashion result in the 
bundling of nanofibres and those in a complementary-repulsive fashion result in well-
dispersed nanofibres. 
 




All peptides were purchased from Biopeptek Inc. (Malvern, PA) with a purity of >95 %. The 
peptides were synthesized using a standard Fmoc solid phase peptide synthesis according to 
the literature (Mata et al., 2012). All chemicals and solvents were purchased from Sigma-





Peptide Amphiphile Self-Assembly 
 
The PA solutions were prepared by first dissolving the lyophilized PAs in small amounts of 
HFIP and dried over filtered nitrogen gas until a thin layer of PA is formed. Ultrapure water 
(18.2 MΩ, Milli-Q A10) was added and the pH of the solution adjusted to 4 with HCl. The 
PA solution was sonicated for 1 h at a temperature of 70°C to ensure complete dissolution of 
the PA. The self-assembly of the PA was then triggered by the addition of NaOH in a 
dropwise fashion with the pH of the solution closely monitored with a small-volume probe 
pH meter (Fisher Scientific FSAB15A).  
 
Circular Dichorism  
 
Circular dichorism (CD) measurements were carried out using a JASCO J-810 CD instrument 
to determine the secondary structures characteristic of the micelle and nanofibres formed 
from self-assembly of the peptide amphiphiles. Wavelength scans were taken of the PAs in 
water at the different pH at 0.5 nm intervals between 250 nm and 185 nm. The data were 
acquired at room temperature and averaged over at least 5 acquisition cycles. All the PAs 
were measured at a concentration of 0.25 mM with a 0.1 cm path length quartz cuvette. All 
samples were allowed to equilibrate for 8 hours prior to the measurements to ensure similar 
ageing effect across the PAs. The spectra for all samples were corrected by subtracting the 
baseline and the data expressed as the mean residue of ellipticity given in the units of degrees 
per cm2 dmol-1.  
 
Transmission Electron Microscopy  
 
Freshly prepared PA solutions of concentration 0.75 mM at different pH were used for all 
TEM sample preparation. 6ul of each solution was dropped unto a carbon-coated FORMVAR 
copper grid (200 mesh) for 10 min and excess fluid was removed using filter paper to produce 




a thin film of sample. The samples were stained with 1 wt% phosphotungstic acid for 1 min 
before they were air-dried for 3 h. The grids were stored at 35 % humidity level until 
observation using a TECNAI T12 electron microscope with 120 kV operating voltage.   
 
Cryo-Transmission Electron Microscopy  
 
0.75 mM PA solutions prepared freshly at the required pH were used to prepare samples for 
vitreous ice cryoTEM. 3 µl of each solution was pipetted onto a plasma-cleaned quantifoil 
TEM grid (Electron Microscopy Sciences) before being blotted for 1 s using a FEI Vitrobot 
Mark IV. The grid was then plunged into liquid ethane and transferred into liquid nitrogen for 
viewing under a TECNAI T12 with a Gatan Cryo-holder. The T12 instrument was operating 
at 120 kV under the low dose mode for cryo-observation.  
 
Field Emission Scanning Electron Microscopy 
 
6 µl of freshly prepared PA solutions of concentration 7.5 mM at pH 4 were dropped onto 
cleaved mica surfaces stuck to SEM stubs via carbon tapes. The stubs were transferred to a 
sealed container with troughs of aqueous ammonia for 30 min to induce the raise in pH via 
gaseous ammonia. The hydrogel formed through the gas induction was dried at critical point 
using a Tousimis Autosamdri-815 instrument and coated with platinum before observing it 
under a JEOL JSM-740 instrument.  
  
Dynamic Light Scattering and Zeta Potential 
 
The zeta potentials and average z-diameters of the PA aggregates were measured using a 
Zetasizer Nano ZS (Malvern Instruments, Malvern UK) with suitable viscosity and refractive 
index at 25 °C. Size measurements were obtained using small volume disposable micro 
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cuvettes (ZEN 0040) and zeta potentials measurements were obtained using disposable folded 
capillary cells (DTS 1061). The values reported correspond to the mean of z-average and zeta 













Objective four: Systematic investigation of drug complexation through interaction with 
charged residues in the surface region. A series of anionic sequence in surface region was 
created with aspartic acid residues to bind to protonated anticancer drug ellipticine. Beyond 
the structural nanofeature introduced in Chapter 5, charged residues were rationally 
programmed into PA to impart functionality of complexing with ellipticine. The resulting 
nanostructure could then be used as a drug carrier for ellipticine.  







The use of nanotechnology to explore novel methods of drug delivery has been increasingly 
prevalent in cancer therapy over the past decades (Langer, 2001). The challenge has always 
been to deliver anticancer therapeutics to the place where they are needed at the lowest dose 
necessary, while ensuring that there is minimal impact on the surrounding normal tissues 
(Das et al., 2009). Nanosized drug carriers developed thus far generally capitalize on the 
enhanced permeability and retention (EPR) effect, a unique physiological phenomenon that 
occurs in the microenvironment of tumors (Torchilin, 2011). This spontaneous or “passive” 
targeting, which occurs in tumors due to the leaky endothelial lining of tumor vasculature and 
the lack of lymphatic drainage, allows for macromolecular anticancer therapeutics to be 
retained in the tumors. Passive targeting can be achieved with nanostructures that falls within 
the range of 10-500 nm.   
Self-assembling peptides amphiphiles (PA) have the ability to spontaneously organise 
themselves in a free-energy driven process to form highly ordered nanostructures within the 
EPR range. This process can be explained by a supramolecular chemistry understanding of 
non-covalent inter- and intra-molecular interactions such as coulomb forces between charged 
amino acids, hydrogen bonding between side groups and the peptide backbone, pi-pi stacking 
and hydrophobic interactions. PA contains distinct hydrophilic and hydrophobic segments 
comprising amino acid residues, alkyl or acyl chains (Cui et al., 2010) and other hydrophobic 
compounds (Tovar et al., 2005).  
Another challenge in the delivery of anticancer therapeutics is the need to develop suitable 
platforms to increase their solubility in the physiological aqueous system. Many of the 
anticancer therapeutics such as paclitaxel, ellipticine and doxorubicin are hydrophobic and 
the use of such drugs clinically has been curtailed by their low aqueous solubility (Moody et 
al., 2004). Furthermore, many of the drugs exist in multiple forms with varying 
pharmacological efficiencies. Clinical success of nano-delivery systems therefore hinges on 




the ability to maximize the solubility and pharmacological activity of hydrophobic drugs in 
an aqueous condition. One hydrophobic drug that could benefit from a better delivery system 
is Ellipticine.  
 
Ellipticine (EPT) is a natural plant alkaloid that possesses anticancer activity. This polycyclic 
drug stops cell growth by multiple modes of action including the inhibition of DNA 
replication and RNA transcription (Garbett and Graves, 2004). However, as a hydrophobic 
drug, ellipticine has a poor water solubility of approximately 0.62 µM at neutral pH. Chen’s 
group has studied the encapsulation of ellipticine within self-assembling PA extensively. In 
2007, the group first demonstrated the ability of stabilizing EPT in its crystalline form by 
EAK16-II to form a colloidal suspension in water (Fung et al., 2007). EAK16-II is a 16 
amino-acid polypeptide of alternating hydrophilic and hydrophobic residues, with the 
hydrophilic residues as a combination of glutamic acid and lysine, and the hydrophobic 
residues as alanine. Further studies showed that EPT could be stabilized in different 
molecular states depending on the concentration of the peptide and EPT. Changing the charge 
distribution on EAK16-II peptide produces EAK16-IV which could stabilize EPT 
Table 6.1. Peptide amphiphile sequences used to complex with EPT. Palmitic acid 
modification to the N-terminus is represented by C16 in the sequence.  Aspartic acid (D) 
residues were substituted with asparagine residues (N) to maintain structural similarity 
while removing the additional negative charge at physiological pH. N and C termini are 
protected by acetylation and amidation respectively.  
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predominately in the protonated state. On the other hand, increasing the hydrophobicity of the 
peptide by a substitution of phenylalanine for alanine to give EFK16-II allows the 
stabilization of EPT in its neutral state (Fung et al., 2008). EPT is released quicker in its 
protonated state compared to its crystalline and neutral state and accumulates on the negative 
surfaces of cell membrane. The greater efficacy of protonated EPT over the EPT in other 
states has been proven against breast cancer cell lines A549 and MCF-7 (Lu et al., 2012). A 
newer class of designer self-assembling peptide that is able to stabilize and deliver EPT has 
also been introduced by Chen’s group. These peptides are designed based on the principle of 
amino acids pairing to precisely line up residues for hydrogen bonding, electrostatic and 
hydrophobic interactions. The resultant polypeptide APP8 is able to self-assemble into 
nanofibres at physiological conditions and encapsulate EPT primarily in the neutral state 
(Fung et al., 2011). Modification was further carried out on APP8 by the attachment of 
diethylene glycol to enhance the β-sheet content within the nanostructure. The modified 
APP8 peptide showed greater cytotoxicity to A549 cells especially at a lower concentration 
(Sadatmousavi et al., 2012). Inspired by peptides like RADA16 and EAK16, Wu et al. 
designed a new self-assembling peptide P4 that similarly formed nanofibres with a strong β-
sheet signature. The molecular states of the stabilised EPT within these nanostructures were 
found to be peptide concentration dependent. At a higher concentration of 0.5 mg/ml, P4 
stabilized primarily EPT in its protonated state and showed higher anticancer activity against 
hepatocellular (SMMC7721) and oesophageal (EC9706) carcinoma cell lines as compared to 
the neutral and crystalline states stabilized at a lower concentration of 0.2 mg/ml (Wu et al., 
2011).  
In this study, we designed five PAs to systematically investigate the effect of the number of 
aspartic acid residues displayed on the surface of the self-assembled nanofibres on the 
complexation of a hydrophobic drug, EPT. Similar to PA in Chapter 5, charged residues were 
inserted in the charged region in a systematic manner. Peptide amphiphiles were designed 
with a palmytic acid conjugated to the N-terminal and four alanine residues in the β-sheet 




section to provide sufficient driving force for the elongation of the nanofibres. Four lysine 
residues were inserted as the pH or charge-responsive trigger for nanostructural self-assembly. 
The surface sequence was separated by a glycine spacer and contained alternating aspartic 
acid and alanine residues. The aspartic acid residue was replaced with asparagine residue as a 
substitute of similar molecular weight without the negative charge at physiological pH. The 
self-assembled nanostructures were characterised with transmission electron microscopy 




Figure 6.1. TEM images of negatively-stained PA nanofibres in PA-1 (a), PA-2 (b), PA-3 
(c), PA-4 (d), and PA-5 (e). Scale bar = 200 nm. 
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nanofibres were measured before the anti-cancer activity of PA-EPT complexes tested in 
vitro against a breast cancer cell line, MCF-7. The results from this study would add to design 
principles for functional drug delivery based on PA.  
6.2 Nanofibre assembly with EPT 
 
All PAs were solubilised in deionised water to give a clear solution at pH 4. At the low 
concentration used, the PAs existed as solution rather than gels. Given EPT’s poor solubility, 
the self-assembly of PA into micelles at pH 4 mediated the dissolution of EPT in aqueous 
medium. The hydrophobic interaction between the alkyl chains of PA and EPT allowed the 
encapsulation of the drug within the core of the micelles. After stirring with EPT drugs 
overnight, PAs self-assembly into nanofibers was triggered by the addition of concentrated 
PBS and the resultant nanofibres formed were observed under TEM. The nanofibres were 
found to be several micrometers in length and around 10 nm (Figure 6.1). During the 
rearrangement of PAs into nanofibers, protonated EPT could shift from the hydrophobic core 
to the negatively charged aspartic acid residues on the surface of the nanofibers. The 
complexation of the EPT and the PAs would occur through electronstatic interactions at the 
surface region.   
In the presence of EPT, the nanofibres appeared to be aggregating when they are aligned in 
parallel fashion. The extent of aggregation is more observable in PA with more aspartic acid 
residues in the surface region. Aggregation of nanofibres had been observed when 
multivalent cations act as ionic bridges or crosslinkers to increase inter-fiber interactions 
(Stendahl et al., 2006). Protonated EPT carries a positive charge and could serve as an ionic 
linker between the aggregating nanofibres. In addition, the mechanism behind the aggregation 
could be due to the pi-pi interaction between EPT already bounded to the aspartic acid 
residues on the surface of the nanofibres.  
 





6.3 Effect of charged-sequence on drug complexation 
 
EPT appeared white when dehydrated as a thin layer at the bottom of glass vials using THF 
and is known to exist in this crystalline state when it is neutral (Lu et al., 2012). The uptake 
of EPT into the solution occurs when PA was added and stirred at 900 rpm overnight. The 
resulting solution appeared yellow due to the protonated EPT. UV absorbance of PA 
nanofibres with EPT was measured to determine the amount of EPT stabilized in the solution. 
The absorbance data was converted to an EPT concentration by a calibration curve of EPT 
standards in 95 % DMSO and 5 % deionized water. Maximum suspension was calculated as a 
percentage of the loading EPT concentration applied during the initial mixing and reported in 
Figure 6.2. Due to the poor solubility of EPT (~0.6 µM), all samples contain less EPT than 
the initial loading concentration of 0.1 mg/ml. This was shown by both the remaining white 
solid of EPT film at the bottom of the glass vials and the absorbance measurements. 
Generally, the presence of PA significantly improved the uptake of EPT into solution by at 
least 3 folds to a maximum of 20 folds. Unexpectedly, the amount of EPT that was stabilised 
by PA was not directly proportional to the number of aspartic acid residues present. PA-3 
appears to be the most effective PA among the five to stabilise protonated EPT at the loading 
concentration of 0.1 mg/ml. The explanation behind the reduced complexation of EPT with 
increasing aspartic acid residues could be due to steric hindrance of EPT bounded to the 
furthest end of the PA on the nanofibres. For instance, PA-5 has four aspartic acid residues 
and an EPT molecule which first bound to the furthest aspartic acid residue would provide 
some hindrance to further EPT molecules binding the aspartic acid residues closer to the core 
of the nanofibres. This would result in it having slightly more EPT molecules bounded 
compared to PA-2 with only one aspartic acid residue.  Nevertheless, the exact mechanism of 
the complexation of EPT with PA remains unknown and further investigation into the electro-




6.4 Cytotoxicity of PA-EPT complexes 
 
Having shown the stabilising of protonated EPT in PA, we performed cell culture with PA 
and PA-EPT complexes to gain more insight concerning the nano-drug delivery carrier. The 
viability of MCF-7 cancer cells was tested after 48 h exposure to the samples. A drug release 
profile is typically required for controlled release studies. However, given the non-covalent 
complexation on the surface of the nanofibres, as well as the short duration of cell culture, the 
release profile over 48 h was not performed. Cells that were affected by PA nanofibres 
carrying EPT gathered in clusters and black nucleus were observed, a sign of apoptosis. 
Phase-contrast images were captured for the experiments but were unfortunately not 
retrievable due to a fire in the laboratory. 
 Using a one-way ANOVA test, there was no difference in cell viability when MCF-7 cells 
were exposed to PAs compared to the control of PBS (Figure 6.3). On the other hand, cells 
treated with PA-EPT complexes showed at least 50 % less viability compared to their 
Figure 6.2.  Absorbance profile of PA with and without EPT expressed as a percentage of 
the initial EPT loading concentration of 0.1 mg/ml. Protonated EPT is stabilised by PA in 


















respective PA control. As expected. The toxicity of complexes almost mirrors the uptake 
shown in Figure 6.2 with PA-3 having the highest toxicity, decreasing cell viability to more 
than 3 folds. The results are consistent with previous studies which showed that improved 
stabilization of protonated EPT in solution led to enhanced toxicity to cancer cells (Stendahl 
et al., 2006, Lu et al., 2012).     
The surface sequence in the PAs used for this study consisted of negatively charged aspartic 
acid which could bind the protonated EPT in solution. The aspartic acid residues were 
separated by alanine residues to improve packing of interdigiting PA molecules. These spacer 
amino acid residues could be replaced with phenylalanine in future for greater stabilisation of 
EPT in solution (Fung et al., 2008). The pi-pi interaction between phenyalanine and EPT 
would increase the amount of neutral EPT being taken up by PA. Lastly, a branched surface 
sequence could be considered for higher complexation with EPT without steric hindrance 
observed in PA-5 (Harrington et al., 2006).  
 
 
Figure 6.3.  Cytotoxicity test of PA and PA-EPT complexes with MTT assay. PAs do not 
have any significant toxicity to MCF-7 cancer cells when compared to control of PBS. 
Toxicity of PA-EPT complexes mirrors the amount of stabilised protonated EPT in 


















In summary, we have shown here a novel nanomedicine carrier that could be designed and 
program for the delivery of hydrophobic anticancer drug, EPT. The self-assembling nature of 
PA remains during EPT loading and the complexation of the drug to the charged surface 
sequence were evident in the stabilisation of protonated EPT in solution. Interestingly, the 
design of the surface sequence, particularly those at the C-terminal of PA, affects the amount 
of EPT uptake most. Consequently, the PA-EPT proved to be toxic to MCF-7 cancer cells 
with PA-3 being the most effective carrier and toxic PA-EPT complex. We believe the results 
presented in this study will contribute to the nano-drug carrier designs and the high 
programmability of PA will make them an efficient delivery vehicle for a wide range of 
therapeutic cargos. Synthetically, we have also shown that rational design of charged residues 
in the surface region is crucial in programming functional features into nanostructures.  
 
  




6.6 Experimental section 
 
Sample preparation 
PA were first dissolved in HFIP and dried to a thin layer before hydrated with appropriate 
volume of ultrapure water (Millipore) to give a final concentration of 0.75 mM. EPT was 
separately dissolved in THF and calculated volumes transferred to vials and dried into a thin 
layer with filtered nitrogen gas to give a final loading concentration of 0.1 mg/ml. PA solution 
was added into the dried layers of EPT and mechanically stirred for 24 h at 900 rpm.  
 
Transmission electron microscopy (TEM) 
PA-EPT solutions of concentration 0.75 mM were used for all TEM sample preparation. A 
TEM copper grid of 200 mesh was used to hold 6 µl of each solution. Filter papers were used 
to wick excess water off the grid to produce a thin film of the sample after a 10-min 
incubation. The samples were then negatively stained with 1 wt% phosphotungstic acid for 1 
min and air-dried in a fume hood for 3 h. The grids were stored in a dry box until observation 
using a TECNAI T12 electron microscope with 120 kV operating voltage.   
 
Measuring EPT loading 
A calibration curve was first obtained by dissolving EPT in 95 % DMSO and 5 % water. PA-
EPT solutions were transferred into quartz microcells with 1 cm lightpath and tested with 
UV-VIS spectrophotometer (Agilent Cary). The absorbance at 295 nm collected was 
converted to an EPT concentration using the Beer-Lambert’s law and the calibration curve. 




In Vitro Cell Viability Studies 
MCF-7 cells are cultured with a growth medium of DMEM, 5 % FBS and 0.1 % antimycotic 
solution. 5000 cells were seeded into each well on a 96 well plate and the cells were allowed 
to attach to the surface overnight. The medium in each well was aspirated and exchanged with 
a mixture of 50 µl of PA-EPT solution and 150 µl of growth medium. The cancer cells were 
incubated with PA-EPT mixture for 48 h and a MTT test was conducted to measure cell 
viability. Briefly, 100 µl of 0.5 mg/ml MTT solution was incubated with the cells and 
crystalline substrates dissolved with DMSO before the purple solution was measured for their 














Research findings in the field of design alteration towards the surface region of peptide 
amphiphiles are summarised according to two approaches: bioinspired and synthetic 
programming. Both approaches could be employed to produce structural and functional 
features of the self-assembled nanostructures. Recommendations for future studies in other 
structural and functional of self-assembled PA nanofibres are also included.    
CHAPTER 7  
CONCLUSIONS & 
RECOMMENDATIONS 




Self-assembly is an elegant approach towards fabrication of nanostructures and we have 
established the flexibility in the design of peptide amphiphile through modifications in the 
surface region. Structural and functional features have been introduced into the nanostructures 
by clever and careful sequence coding in the surface region through mimicking natural 
sequences or translating the idea behind those natural sequences to synthetic coded sequences.  
 
7.1 PA surface region modification: Bioinspired sequences  
 
Laminin and collagen mimetic sequences have been incorporated into the surface region and 
the combination of these two adhesive motifs greatly improved the neurite outgrowth of cells 
cultured on the PA gels. Bioactivity through such synergistic combination of sequences could 
prove useful in designing the next generation of tissue engineering scaffolds. Spider silk 
inspired sequences endowed the nanofibrous material with both strength and elasticity. 
Particularly, the amorphous regions of silk gave characteristic beta-turn secondary structure 
that aid in the inter-fibre interactions, resulting in improved mechanical properties of PA 
hydrogels.  
 
7.2 PA surface region modification: Synthetically designed rational sequences  
 
To mimick inter-fibre interactions seen in the silk-mimetic PA above, ionic complementary 
sequences have been employed as a strategy to promote lateral assembly of nanofibres and 
thus providing an additional trigger control for hierarchical assembly of PA. Lastly, a rational 
and systematic design of anionic sequence was used to complex hydrophobic anticancer drug 
Ellipticine to give insights into molecular binding within the PA’s surface region. The 
findings would be beneficial for designing a smart drug delivery vehicle with PA 
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nanostructures. Although the work reported in this thesis identified possible structural and 
functional features that could be introduced via surface region design, there remains a wide 
range of modifications that could be experimented with the PA self-assembly system.  
  
a) b) 
Figure 7.1. TEM images showing shortened and monodispersed nanofibres for (a) 
PA+PEG-5000 and (b) PA+PEG-10000 with scale bars = 200 nm. Nanofibres are 
distinguished from artifacts by a set of parallels which are indicative of the negative stain 
from the side walls of the cylindrical nanostructures. Distribution of length of nanofibres 
with different PEG sizes coupled to the surface region (c). 200 nanofibres of each PA 
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7.3 Suggestions for future work  
 
7.3.1  Synthetic designing of structural features of nanostructures 
through steric hindrances 
Poly-ethylene glycol (PEG) has been widely used in peptide modification to improve 
solubility of hydrophobic sequences and elsewhere as a highly studied branch of polymer 
science. The art of controlling supramolecular self-assembly lies in the fine balance of non-
covalent interactions and one of the least studied field is the manipulation of steric hindrances.  
Building upon the short PA-1 design found in Chapter 4, we introduced two bulky PEG 
chains of molecular weights 5000 and 10000. These PAs were triggered to self-assemble into 
nanofibres by raising the pH and deprotonating the charged lysine residues. TEM images 
revealed shortened nanostructures in these modified PA (Figure 7.1). Two hundred nanofibres 
were counted over several TEM images and the measurements revealed that the greater the 
PEG chain, the shorter the resulting nanofibres. The reduced aspect ratio with PEG 
modification could be attributed to the steric hindrance between the bulky PEG chains when 
PAs are packed closely into the cylindrical nanostructures. Kamps et al. found similar 
observations where increasing PEG chain lengths on self-assembling poly-thiophene 
decreased the length of nanofibres formed (Kamps et al., 2012).  Controlled dimensions of 
nanostructures could prove useful in areas such as nano-catalysts. 
 
7.3.2  Biomimetic designing of functional features of nanostructures  
vascular endoethelial growth factor mimetic sequences  
The combination of bioactive motifs to impart functionality to self-assembled PA gels has 
been established in Chapter 5 with a long hydrophobic collagen-mimetic motif and a short 
laminin-mimetic sequence. Other sequences could similarly be used in such combination, 
particularly longer and more complicated sequences compared to the pentapeptide IKVAV.  
 101 
 
   
Figure 7.2. Electromicroscopy images for VEGF-collagen mimetic PAs. FESEM images 
of gels reveal a network of nanofibres (a) while TEM images of PA showed nanofibres 
with monodispered width of around 10 nm (b). CD measurements (c) of VEGF-collagen 
mimetic PA with and without mixing with PA-1 where the glutamic acid residues 
neutralise the lysine residues in the remaining PAs to trigger nanofibres formation. 
Combination without PA-1 showed random coil while those with PA-1 displayed 
predominantly β−sheet signals. Rheological measurements of strain sweep for VEGF-
























Most regenerative therapy of thick tissues would require angiogenesis to support the growth 
of the new cells and a breakthrough was first established by Webber et al where vascular 
endothelial growth factor (VEGF) mimetic sequence was combined with a simple PA design 
to encourage growth of blood vessels (Webber et al., 2011b). A 15-mer VEGF mimetic 
sequence (PA-7) was incorporated into the surface region and mixed with other PAs from 
chapter 5 to produce a tissue engineering scaffold capable of supporting angiogenesis. This 
would complement the neural tissue engineering scaffold established in Chapter 5 and show 
the flexibility of the diluting and backbone PA as a variety of bioactive motifs can be 
displayed on the surface of the nanofibres.  
Figure 7.3. Confocal images of HUVEC cells on (a) collagen-mimetic PA gel, (b) VEGF-
mimetic PA gel, (c) collagen-VEGF mimetic PA gel and (d) matrigel, stained for CD31 
(green) and counterstained with DAPI (blue). Laser and image settings were standardized 





Mixing PA-7 with diluting PA and collagen mimetic PA resulted in the formation of a gel and 
the morphology of it was largely similar to the laminin-collagen mimetic PA gel (Figure 5.3 
and Figure 7.2). TEM images revealed nanofibres of similar geometry to those observed in 
laminin-collagen PA and CD spectra of PA-7 mixture confirmed the presence of β-sheet in 
the core of the nanostructures. Furthermore, rheological studies of the VEGF-collagen 
mimetic gels proved to be of sufficient mechanical strength to support angiogenesis. HUVEC 
cells were cultured on VEGF-mimetic, collagen-mimetic, VEGF-collagen mimetic PA gels 
and matrigel as a positive control. Immunohistochemical staining for angiogenesis marker 
CD31 showed a weak expression in VEGF-mimetic and collagen-mimetic gels while the 
combination of VEGF and collagen-mimetic PA visibly enhanced CD31 expression (Figure 
7.3). These findings suggest an instrumental role of collagen-mimetic PA in the bioactivity of 
other types of biofunctional motifs. The simplicity and flexibility of the PA system would be 
highly attractive for tissue engineers looking to customise scaffolds for co-cultures and 
complicated tissue reconstruction, such as concurrent vascularisation of tissue engineered 





Figure. S3.1. TEM images of negatively-stained SAP nanofibres  in C1 (a), C2 (b), C3 
















Figure. S3.2. Representative optical images of PC12 cells on PA gel for neurite outgrowth 























Figure. S3.3. Confocal images of differentiated PC12 cells in C1 (a), C2 (b), C5 (c), C6 












































Figure S4.1. Storage modulus (G’, diamond symbols) and loss modulus (G”, square symbols) 
against frequency for (a) PA-1 and PA-2, (b) PA-3 to PA-6, and (c) PA-6, PA-7 and a composite of 























Figure S5.1. TEM images of PA-2 (a), PA-4, (b) and PA-5 (c) at pH 4. No nanofibres or any 









Figure S5.2. Circular dichroism spectra of RADA (cyan), RADA2 (green), RADA3 
(red), RADA2s (purple) and RADA2r (orange) at pH 4 (a), pH 11 (b) and pH 13 (c). 
PAs exhibit random coil structure evident from the characteristic negative peak around 
195nm. PAs generally exhibit beta-sheet structure evident from the shifting of the 




Figure S5.3.  (a-d) Photographs of glass vials containing PA solutions at different pH. a) 
PA-2 at pH 4 appears to be clear as nanostructures formed at this pH are smaller than the 
wavelength of visible light and does not act as light scatters. b) PA-2 at pH 11 appears 
turbid due to larger aggregates of nanofibres that scatters light. c) PA-2 at pH 11 appears to 
be clear as nanofibres dispersed into single nanofibres and does not scatter light as much. d) 
PA-4 at pH 11 appears to be clear as nanofibres remain disperse at this pH despite the 
charges on arginine and aspartic acid residues.   
a) b) 
d) c) 
Figure S5.4. pH titration graph of z-average and zeta potential values derived from DLS 
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